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PREFACE 
The problem of  energy supply is  one of t h e  most s e r i o u s  f a c ing  mankind 
today. The demand f o r  energy cont inues  t o  i nc r ea se  a g a i n s t  a background o f  
r a p i d l y  diminishing f o s s i l  f u e l  r e s e rve s .  I t  i s  c l e a r  no t  on ly  t h a t  t h e  
s ea r ch  f o r  convent iona l  f u e l s  should be i n t e n s i f i e d ,  bu t  a l s o  t h a t  new sources  
o f  energy should be i d e n t i f i e d  and e x p l o i t e d ,  and t h a t  new technologies  should 
be developed and implemented. Any f u t u r e  po l i cy  on energy supply should con- 
t a i n  elements  of  both t h e  conventional  and t h e  unconventional ;  it should be 
based on e s t ima t e s  of  t h e  r e l a t i v e  a v a i l a b i l i t y  and abundance of  t h e  var ious  
sources  of energy,  and on cons ide r a t i on  of t h e  p o l i t i c a l ,  economic, and envi-  
ronmental imp l i ca t i ons  o f  d i f f e r e n t  energy s t r a t e g i e s .  
The I n t e r n a t i o n a l  m s t i t u t e  f o r  Applied Systems Analysis  (IIASA) has been 
deeply  involved I n  t h e  s tudy  of  energy systems over  t h e  p a s t  decade. The 
Energy Systems Program, l e d  by Professor  Wolf Hafe le ,  was e s t a b l i s h e d  t o  ana- 
l y z e  t h e  g loba l  a spec t s  of  t h e  energy supply problem*, and, i n  co l l abo ra t i on  
wi th  another  group l e d  by Professor  Michel Grenon, was r e spons ib l e  f o r  orga- 
n i z i ng  annual  conferences on world energy resources*'.  
The conferences were i n i t i a l l y  in t roduced  t o  provide r e sea r che r s  working 
a t  IIASA and elsewhere with a more complete p i c t u r e  o f  t h e  l e v e l  and .d i s t r i bu -  
t i o n  of energy resources  throughout  t h e  world. Work a t  IIASA has shown t h a t  
in format ion  on petroleum r e se rve s  ( o i l  and ga s )  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  
o b t a i n ;  this c o n s t i t u t e s  a major de f i c i ency  i n  t he  d a t a  base because o f  t h e  
g r e a t  and cont inu ing  importance of t he se  f u e l s  i n  models of f u t u r e  energy 
supply.  The few f i g u r e s  given i n  t h e  s c i e n t i f i c  l i t e r a t u r e  a r e  not  gene ra l l y  
supported by d e t a i l s  of  t he  assumptions made and methods used i n  ob t a in ing  
them--it is impossible  to  compare o r  check d a t a  provided i n  t h i s  form. More- 
o v e r ,  most of t h e  e s t im a t e s  a r e  given only  a t  t h e  g l o b a l  o r  con t i nen t a l  l e v e l ,  
and t h i s  aggregated d a t a  i s  very d i f f i c u l t  t o  i nco rpo ra t e  i n  some of t h e  
models developed a t  IIASA. 
The s e r i e s  of  annual  IIASA conferences brought t o g e t h e r  s c i e n t i s t s  from 
Eas t  and West t o  d i s cus s  mutual problems a r i s i n g  from t h e  e s t ima t i on  and 
e x p l o i t a t i o n  o f  energy resources .  The work presen ted  a t  t h e  conferences has 
gone some way tovard f i l l i n g  in t h e  b lanks  i n  t h e  c u r r e n t  s t a t e  of  knowledge 
about  world energy supp l i e s .  Previous conferences d e a l t  with t o p i c s  such a s  
methods and models f o r  a s s e s s ing  energy r e sou rce s ,  ana ly se s  of t he  supply of 
petroleum and c o a l .  and a s tudy  of oas i n  geopressure zones. This  book 
*The work of t h e  Energy Systems Program is  summarized i n  t he  book Energy i n  
a F i n i ~ e  Worid, by Wolf Hafe le ,  publ i shed  by B a l l i nge r  i n  1981. 
**Reserves a r e  def ined  a s  those  d e p o s i t s  t h a t  a r e  known t o  e x i s t  and t h a t  can 
be recovered economically; resources  inc lude  d e p o s i t s  t h a t  have not  y e t  been 
d iscovered  o r  t h a t  a r e  no t  c u r r e n t l y  economically v i a b l e .  
c o n t a i n s  t he  proceedings of  the  f i f t h  IIASA conference on energy resources ,  
which was concerned with convent iona l  and unconventional sources  of n a t u r a l  
g a s .  
Gas i s  becoming i nc r ea s ing ly  impor tan t  i n  t h e  world energy p i c t u r e .  The 
main aims of the  conference were t o  c o n so l i d a t e  e x i s t i n g  knowledge about t h e  
g e o l o g i ca l  formations a s s oc i a t ed  wi th  t h i s  r e so u rc e ,  t o  compare and d i s c u s s  
the  v a r i ous  e s t im a t e s  of t h e  amount of n a t u r a l  gas  remaining t o  be found, and 
t o  e v a l ua t e  t he  prospec ts  f o r  i t s  continued use a s  an economic energy source .  
The r e l a t i o n s h i p  between conventional  and unconventional  sources  of n a t u r a l  
g a s ,  and the  economic, p o l i t i c a l ,  and t e c h n o lo g i c a l  c o n s t r a i n t s  fac ing  deve l -  
opment of t h i s  resource  provoked much d i s c u s s io n .  Although syngas l a y  ou t -  
s i d e  t h e  main scope of t h i s  conference ,  two papers  on t h i s  s u b j e c t  were 
accepted and presen ted  t o  i l l u s t r a t e  t h e  r e l a t i o n s h i p  between syngas (der ived  
from biomass and c o a l )  and conventional  and unconventional sources  of n a t u r a l  
gas .  
I t  was o r i g i n a l l y  intended t o  inc lude  here  e d i t e d  t r a n s c r i p t s  o f  t h e  
d i s c u s s ion  s e s s i o n s ,  hu t  c o n s t r a i n t s  on t h e  s i z e  and c o s t  of t h e  volume un- 
f o r t u n a t e l y  made t h i s  impossible .  However, s i n g l e  copies  of t h e  t r a n s c r i p t s  
may be ob ta ined  on microf iche  from the IIASA Pu b l i c a t i o n s  Department, A-2361 
Laxenburg, A us t r i a  on reques t .  
The f i f t h  I I A S A  conference on energy resources  was j o i n t l y  sponsored by 
IIASA and t h e  Colorado School of Mines; D r .  Harry Kent of t h e  Colorado School 
of Mlnes de s e r ve s  our  p a r t i c u l a r  thanks f o r  h i s  i n t e r e s t  and suppor t .  I t  is 
hoped t h a t  c o l l a b o r a t i o n  between IIASA and o t h e r  s c i e n t i f i c  o rg a n i z a t i o n s  w i l l  
cont inue  t o  f l o u r i s h  and t h a t  f u t u r e  coopera t ive  ventures  w i l l  be a s  success -  
f u l  and a s  u s e f u l  t o  t h e  s c i e n t i f i c  community a s  was t h i s  conference on world 
n a t u r a l  gas r e s ou r ce s .  
Ch r i s t i a n  Delahaye 
Michel Grenon 
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THE IMPORTANCE OF NATURAL GAS IN THE 
WORLD ENERGY PICTURE 
Henry R. L n d e n  
Gas Research I~tstitute, Chicago, Illinois, llSA 
INTRODUCTION 
Successful  management of the  t r a n s i t i o n  from the  abundant and underpriced 
suppl iae  of o i l  and na tu ra l  gas which sus t a ined  and subs id ized  the  
t r e r n d o u e  world economic expansion a f t e r  World W u  XI, t o  coa l  and o ther  
lems d e s i r a b l e  f o s s i l  fue l e  and then t o  renevable and inexhaust ib le  energy 
f o r r e  bamed on s o l a r  and nuclear energy, is of utrmst importance t o  the  
su rv iva l  and eventual  strmngthening of the  e x i a t i n g  world order.  In t h i s  
entmrpriee,  too narrow s focus on the  t echn ica l ,  environmental, reeource 
and economic imsuee is l i k e l y  t o  lead  to growing d i f f i c u l t i e s .  Without 
due a t t e n t i o n  t o  broader humanistic values on regional ,  na t iona l  and 
i n t e r n a t i o n a l  s c a l e s ,  manageoent of t he  t r a n s i t i o n  may f a i l  because t h e  
a b i l i t y  of s o c i e t i e e  t o  accept  r a d i c a l  technology and i n f r a s t r u c t u r e  
changes La l iuuted .  
The s e v e r i t y  of t h e  problem caused by t he  mmt d e s i r a b l e  onergy forme 
becoming increas ingly  mcarce and c o s t l y  is r e l a t e d  to t h e  p i v o t a l  p o s i t i o n  
vhich energy occupies in a l l  tatters concerning mocial and economic 
progress  and m b i l i t y  and, t he re fo re ,  s o c i a l  and p o l i t i c a l  s t a b i l i t y .  I n  
f a c t ,  it has been t h e  mubsti tut ion of inanimate energy forme and 
~ 8 0 c i a t e d  tachnologies f o r  human and animal labor  beginning with t h e  
i n d u s t r i a l  revolut ion  t h a t  has been responsib le  f o r  t h e  development of a 
world mociety increamingly f r u e  of s l ave ry ,  serfdom, c h i l d  labor  and 
mubjugation of women and minoritiem. C lea r ly ,  any regreemion i n  t h e  
submtitution of energy and c a p i t a l  f o r  human labor  because of t h e  unavail-  
a b i l i t y  o r  excemsive economic o r  environmental comte of energy could only 
lead  to growing world i n s t a b i l i t y  and recurrencm of t h e  resource w a r s  s o  
t y p i c a l  of human Uato ry .  
I f  we aeeume t h a t  t h e  world 's  remaining f o s s i l  f u e l  reeourcee -- crude 
o i l ,  n a t u r a l  gas,  coal ,  and o i l  mhale and o t h e r  biturmns -- a r e  mutually 
s u b s t i t u t a b l e  by v i r t u e  of a v a i l a b l e  s y n t h e t i c  f u e l  and c l ean  combustion 
technologies  and w i l l  be produced and t r aded  f r e e l y  on equ i t ab le  tarma, w e  
do have s u b s t a n t i a l  lead  time b f o r e  having to make a c o d t r e n t  to e i t h e r  
a s o l a r  o r  a nuclear  fu tu re ,  o r  saraa combination of t h e  two. As w i l l  be 
mhow later, t h e  proved meerves of these  fomsi l  f u e l s ,  p l u s  what is 
genera l ly  believed to be u l t ima te ly  economically recoverable r ep resen t  
about a 100-year supply of t h e  wor ld ' s  t o t a l  primary energy needs i f  
demand growth can be kept v i t h i n  reasonable boundaries. This  ought t o  be 
enough t i m a  to put  in p lace  energy supply and u t i l i z a t i o n  eymteme which 
a r e  no longer  dependent on t h e  s t o r e h o u s e  of f o s s i l  f u e l s  which n a t u r e  
p r o v i d e d  o v e r  t e n s  and hundreds of m i l l i o n s  of years .  
While energy has been a t  t h e  l e a d i n g  edge,  it is i m p o r t a n t  t o  n o t e  t h a t  a  
r e v o l u t i o n a r y  change is a l s o  underway i n  t h e  p r i c i n g  and produc t ion  
p o l i c i e s  f o r  a l l  of t h e  w o r l d ' s  e x h a u s t i b l e  e s s e n t i a l  resources .  T h i s  is 
due to t h e  growing awareness of p roducers  t h a t  the f u l l y  i n t e r n a l i z e d  
c o s t s  of rep lacement  o r  s u b s t i t u t i o n  of t h e s e  r e s o u r c e s  w i l l  be much 
h i g h e r  t h a n  p r e v i o u s l y  assumed on t h e  b a s i s  of t r a d i t i o n a l  economic 
c o n s i d e r a t i o n s .  Thus, w e  a r e  i n  a  p e r i o d  of  p r i c e  i n c r e a s e s  f a r  
o u t s t r i p p i n g  t h e  g e n e r a l  r a t e  of i n f l a t i o n  and of widespread Dpeasures to 
manage p r o d u c t i o n  r a t e s  s o  as to maximize t h e  economic r e t u r n  of  d e p l e t i n g  
r e s o u r c e s  to t h e  producers .  The b e s t  example is, of course ,  crude o i l .  
Even today it sells a t  world p r i c e s  s u b s t a n t i a l l y  b e l w  t h e  replacement  
c o s t  w i t h  s y n t h e t i c  f u e l s  of e q u i v a l e n t  form value.  Unfor tuna te ly ,  we may 
be only  a t  t h e  beginning of this r a d i c a l  change i n  p r i c i n g  and produc t ion  
p o l i c i e s  f o r  d e p l e t i n g  r e s o u r c e s  w i t h  l i t t l e  t h e o r y  and h i s t o r i c a l  
p r e c e d e n t  to guide  us i n  a s s e s s i n g  what t h e  f u t u r e  may hold.  
THE PLIGHT OF THE LESS DEVELOPED COUNTRIES 
World i n d u s t r i a l i z a t i o n ,  a s  measured by t h e  u s u a l  economic i n d i c e s  t h a t  
d i s t i n g u i s h  between t h e  haves and have-nots, i s  a t  most only one- th i rd  
complete. I t  is  t h i s  l a t t e r  problem t h a t  adds much t o  t h e  urgency of t h e  
p r o p e r  lnanagament of t h e  energy t r a n s i t i o n  because t h e  l e s s  developed 
c o u n t r i e s  (LDCs) have a l s o  counted on abundant  and cheap s u p p l i e s  of 
hydrocarbon f u e l s  t o  s u p p o r t  t h e i r  i n d u s t r i a l i z a t i o n .  C l e a r l y ,  t h e i r  
hopes have now been dashed, and t h e  p o l i t i c a l  and s o c i a l  r e a c t i o n  to  what 
must be i n c r e a s i n g l y  u n f u l f i l l e d  e x p e c t a t i o n s  pooes a  p o t e n t i a l l y  s e r i o u s  
immediate t h r e a t  to world s t a b i l i t y .  
T h e r e f o r e ,  it is in t h e  i n t e r e s t  of t h e  i n d u e t r i a l i z e d  c o u n t r i e s  t o  assist 
t h e  LDCs i n  c r e a t i n g  energy supply  and u t i l i z a t i o n  system6 which bypass 
the problems caused by over-dependence of t h e  e x i s t i n g  i n f r a s t r u c t u r e  on 
r a p i d l y  d e p l e t i n g ,  i n s e c u r e  and i n c r e a s i n g l y  c o s t l y  resources. Rather  
than  fo l low the model of the i n d u s t r i a l i z e d  world a t  a t ime  when it may no 
l o n g e r  be  v a l i d ,  it seama more a p p r o p r i a t e  f o r  LDCs t o  r e l y  on technol -  
o g i e s  capable of u s i n g  l o c a l  reoources  t o  p r o v i d e  e s s e n t i a l  energy 
e e r o i c e s .  What m y  appear  to be uneconomic i n  h i g h l y  i n d u s t r i a l i z e d  a r e a s  
because of t h e  s u b s i d i e s  imbedded i n  t h e  e x i o t i n g  i n f r a s t r u c t u r e  may be  
h i g h l y  economical  i n  I n d i a ,  China, Africa and  South America. 
I n  con templa t ing  how to f e e d ,  c l o t h e  and  house a world p o p u l a t i o n  u n l i k e l y  
t o  s t a b i l i z e  a t  a  l e v e l  of  much below 10 b i l l i o n  ( 1  U.S. b i l l i o n  
1 x l o 9 ) ,  it is  of g r e a t  urgency to e s t a b l i s h  the fundamental  f e a s i b i l i t y  
and t h e n  t h e  r e l a t i v e  writs of t h e  v a r i o u s  long- te rn  energy o p t i o n s .  We 
hou what t h e  low-technology solar economy was l i k e  i n  the m i l l e n n i a  p r i o r  
t o  t h e  i n d u s t r i a l  r e v o l u t i o n  -- it never  p rov ided  f o r  evan o n e t e n t h  a s  
many people ,  and  t h a t  i n  a  most i n a d e q u a t e  and  i n e q u i t a b l e  manner. I 
b e l i e v e  we are now in a p o s i t i o n  to a t  l e a s t  t h e o r e t i c a l l y  s p e c i f y  t h e  
o u t l i n e s  of a  high-technology s o l a r  economy, one nominal ly c a p a b l e  of 
p r o v i d i n g  the f o o d s t u f f s ,  t h e  f i b e r ,  t h e  p r i ~ a r y  m e t a l s  and o t h e r  
o o n s t r u c t i o n  m a t e r i a l s ,  the t r a n s p o r t  f u e l s  and  a l l  the o t h e r  b a s i c  needs 
of a  modern world s o c i e t y  of  10 b i l l i o n  o r  more. The q u e s t i o n  is t h i s :  
I n  a  s t e a d y - s t a t e  s i t u a t i o n ,  t h a t  i s  one wi thout  subsidies from s t i l l  
under-priced exhaus t ib le  remources, does such an economy have a g r e a t e r  
va lue  of output  of goods and s e r v i c e s  than  t h e  value of t h e  necessary 
i n p u t s  of c a p i t a l ,  l abo r  and energy? C lea r ly ,  i f  we d iscover  any 
fundamantal f laws in the high-technology s o l a r  opt ion ,  ve w u l d  have t o  
look wi th  much g r e a t e r  c a r e  a t  t h e  nuclear  f i s s i o n  and fus ion  opt iona ,  
mome of which nay s u f f e r  from s i m i l a r  ne t  value-added de f i c i enc i e s .  The 
i m p l i a a t i o ~  of t h e  poss ib l e  outcomes of such i n q u i r i e s  a r e  enormoue i n  
term of the f u t u r e  of -kind. 
THE ROROLg OF NATURAL GAS I N  MANAGING THE ENERGY TRANSITION 
One c r i t i c a l  aspect  of managing t h e  t r a n s i t i o n  t o  i nexhaus t ib l e  o r  renew- 
a b l e  energy resources  is how we use our  remaining prec ious  hydrocarbon 
f u e l  resources.  I n  t h i s  regard,  t h e  r o l e  of n a t u r a l  gas a s  a t r a n s i t i o n  
f u e l  becores p a r t i c u l a r l y  important  because of t h e  s u b s t i t u t a b i l i t y  of 
n a t u r a l  gas f o r  o i l  i n  near ly  a l l  s t a t i o n a r y  hea t  app l i ca t ions .  Est imates 
of t h e  u l t ima te ly  e c o n d c a l l y  recoverable  resources  of conventional  
n a t u r a l  gas and of crude o i l  a r e  roughly equ iva l en t  on a gross  hea t ing  
va lue  basis. However, even though n a t u r a l  gas consumption is now 
approaching 20 percent  of world primary energy consumption, the r a t e  of 
dep le t i on  of t h e  crude o i l  resources i s  still roughly two times grea t e r .  
Thus, increased  r e l a t i v e  u e  of gas  is c l e a r l y  a promising opt ion  f o r  
ea s ing  t h e  t r a n s i t i o n .  Hwever, t h i s  ove r s imp l i f i e s  t h e  r e l a t i v e  
p rospac t s  f o r  o i l  and gas. Ae t h e  economic value of hydrocarbon f u e l s  
i nc reases  i n  comparison to o the r  goods and s e r v i c m  wi th  p rog res s ive ly  
pore realistic assessments of t h e i r  t r u e  replacement c o s t ,  t h e  impact of 
d i f f e r i n g  supply e l a n t i c i t i e s  and form values  may a l t e r  t h e  r e l a t i v e  r o l e s  
of theme two cu r r en t ly  dominant anergy aources. 
I t  w u l d  me- l o g i c a l  that l i q u i d  hydrocarbons w i l l  be i nc reas ing ly  
preaervmd f o r  tranmport f u e l  uses where t h e i r  replacement wi th  s y n t h e t i c s  
der ived  from coal, o i l  mhale and o t h e r  bitumens, and biomass m a t e r i a l s  is 
r e l a t i v e l y  more comtly than t h e  displacement of f u e l  o i l  in s t a t i o n a r y  
applicationm. &re r a d i c a l  ch.ngee in t h e  t r a n s p o r t a t i o n  i n f r a s t r u c t u r e ,  
much am e l e c t r i f i c a t i o n  of su r f ace  t r a n s p o r t  o r  u e  of l i q u i d  hydrogen o r  
o t h e r  high-energy content  chemical f u e l s  f o r  a i r  t r a n s p o r t ,  would be even 
more c o s t l y  and hampered by c a p i t a l  a v a i l a b i l i t y  and i n s t i t u t i o n a l  
ba r r io re .  T h u ,  the r o l e  of t h e  r o l a t i v e l y  abundant gaseous f u e l s  du r ing  
t h e  t r a n s i t i o n  from exhaus t ib l e  t o  i nexhaus t ib l e  o r  renewable energy 
mourcom should be incroa8ingly  one of s u b s t i t u t i o n  f o r  e t a t i o w  uses  of 
l i q u i d  f u e l s  where direct combu t ion  of c o a l  o r  t h e  rue  of coal- o r  
nuclear-baaed e l e c t r i c i t y  is not p r a c t i c a l  f o r  t echn ica l ,  environmental o r  
oconomlc rea8ons. However, t h i s  reassessment of t h e  r e l a t i v e  form va lues  
of l i q u i d  and g a s e o u  hydrocarbone a l s o  msana t h a t  t h e  c u r r e n t  t r e n d  of 
p r i c i n g  o i l  and n a t u r a l  gas i d e n t i c a l l y  on a hea t ing  va lue  bamis a t  t he  
wellhead o r  the p o i n t  of axpor t  o r  import must ceane and be readjusted 
appropr ia te ly .  Not only & Liquids that can serve as, o r  can be converted 
to  t r a n s p o r t  fue l8  with eximting r e f i n a r y  technology have h igher  form 
value  than gae, they are almo much cheaper to t r a n s p o r t  and s t o r e .  
I n  regard  to 8upply e l a s t i c i t y ,  it is hard to p r e d i c t  in t h e  f ace  of t h e  
p r i c i n g  unce r t a in ty  noted above, how much t h e  conventional  crude o i l  and 
n a t u r a l  gae re8ource base can be expanded wi th  marginal hydrocarbon 
rowurces .  C lea r ly ,  t h e  occurrence of methane i n  t h e  e a r t h ' s  crust, below 
the o c e a ~  I n  the form of no l id  hydrates,  and perhaps in t h e  i n t e r i o r  of 
t h e  e a r t h  i n  t h e  form of a b i o g e n i c  methane is s t a g g e r i n g .  I n  North 
America a l o n e ,  t h e  a d d i t i o n a l  q u a n t i t i e s  of ne thane  t h a t  c o u l d  be 
recovered  from t i g h t  g e o l o g i c  f o r m a t i o n s r  from geopressured  b r i n e s  and 
froau c o a l  seams c o u l d  e a s i l y  double t h e  r e s o u r c e  base  a t  p r i c e s  below 
t h o s e  of  p r e v a i l i n g  world o i l  p r i c e s .  However, t h e  supply  e l a s t i c i t y  of 
l i q u i d s  a t  p r e v a i l i n g  and p r o s p e c t i v e  world energy  p r i c e s  may a l s o  be 
huge. The t r u e  p o t e n t i a l  of  t h e  w o r l d ' s  o i l  and  tar sands ,  b l a c k  and 
heavy o i l ,  o t h e r  bi tumensr  and t e r t i a r y  recovery  r e s o u r c e s  h a s  n o t  been 
a s s e s s e d  i n  l i g h t  of t h e  new p r i c i n g  s t r u c t u r e .  Thus, w h i l e  t h e  r e l a t i v e  
f u t u r e s  of gaseous and l i q u i d  f u e l s  may be somewhat clouded,  we know that 
t h e y  m u 8 t  r e f l e c t  resource  b a s e r  form v a l u e  and  economic and t e c h n i c a l  
r e a l i t i e s  which we a r e  on ly  now beginn ing  to unders tand .  
VARIATIONS I N  ENERGY USE I N  INDUSTRIILLIZED COUNTRIES 
U n t i l  t h e  s c i e n t i f i c  and i n d u s t r i a l  r e v o l u t i o n ,  world p o p u l a t i o n  grew a t  
no more t h a n  0.1 p a r c e n t  p e r  year .  The a v a i l a b i l i t y  of abundant  inan imate  
anergy  s o u r c e s  and the development of technology to employ them then  made 
it p o s s i b l e  f o r  p o p u l a t i o n  growth to i n c r e a s e  to 2 p e r c e n t  p e r  year .  T h i s  
h igh  r a t e  w i l l  of n e c e s s i t y  be t r a n s i t o r y .  I n  t h e  developed c o u n t r i e e ,  
t h e  r a t e  has a l r e a d y  dropped to 0.8 p e r c e n t  p a r  year .  But t h e  p o p u l a t i o n  
of t h e  underdeveloped c o u n t r i e s  is st i l l  growing a t  2.5 p e r c e n t  p a r  y e a r ,  
and t h i s  MY i n c r e a s e  eomwhat ,  because m o r t a l i t y  is still d e c l i n i n g .  
T h e r e f o r e ,  even i f  r e p r o d u c t i o n  r a t e s  i n  a l l  c o u n t r i e s  c o u l d  be brought  
dam to r e p l a c a n a n t  l e v e l s  by the y e a r  2000r t h e  wor ld ' s  p o p u l a t i o n  would 
grow to w r e  t h a n  0 b i l l i o n  i n  t h e  f i r s t  q u a r t e r  of t h e  2 l s t  cen tury .  
The c l o s e  l i n k a g e  betwean p o p u l a t i o n  growth and energy  consumption i s  
beyond q u e s t i o n  ( E x h i b i t  1). Thus, v a s t  q u a n t i t i e s  of energy  w i l l  be 
r e q u i r e d  to s u p p o r t  this e t e a d y - s t a t e  v o r l d  p o p u l a t i o n  l e v e l  of a t  least 
0 b i l l i o n ,  and conce ivab ly  n e a r e r  10 t o  15 b i l l i o n ,  a t  a s t a n d a r d  of  
l i v i n g  conducive to s o c i a l  and p o l i t i c a l  s t a b i l i t y .  Even w i t h  a min-1 
consumption l e v e l  of 3 m e t r i c  t o n e  of coal e q u i v a l e n t  (tce) per c a p i t a  
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(1 t c e  - 27,778 x 103 ~ t u  o r  7 x l o 9  c a l o r i e s ) ,  t h i s  would lead to w r l d  
onorgy consumption lovels  3 t o  5 tLnss current  levels .  
In the  h a t  aentury, tho increase i n  w r l d  energy supply was largely  
p r o v i h d  by coal,  uhareas i n  t h i s  century it has bean provided 
increasingly by o i l  and natural  gas (Exhibit  2). Unloss t h i s  rapidly 
acoolorating brpendonce on tho ra la t ive ly  lass abundant convantional hydro- 
carbon fuo l s  t h a t  k g a n  a f t u  World War I1 (Exhibit  3) can k st.llrmed, it 
w i l l  k impossible fo r  policyloakors to manage effectively tho t r ane i t ion  
to ronwablo o r  inruhaustiblo anorgy wurces  and to avoid major eoc ia l ,  
a c o n d c  and gmopolitical upheavals. 
The econoaic and soc ia l  implications of adequate energy supply a r e  c lear .  
T h  h a t  avai lable  masure  of economic well-being, the  gross Qaeetic or  
gross nat ional  product (GDP o r  GUP) per cap i ta ,  has shown a s t r i k i n g  
cor re la t ion  with per capi ta  energy c o n e w t i o n  (Exhibit  4). The per 
capi ta  gross w r l d  product index used in Exhibit  4 is  an average fo r  a l l  
countries a t  1963 prices.  This type of cor re la t ion  has been found t o  
apply to a nunber of individual countries also. 
While average world anergy consumption haa increased s tead i ly  to the 
presant  leva1 of 2 t c e  per capi ta ,  the  spread bettween the  havee and have- 
note con t inws  to grow. The highly indus t r i a l i zed  nations a t  the  top of 
the  ocooooic sca le  have per capi ta  energy coneumptione which range typical-  
l y  from 4 t o  12 t c a ,  amparod to l o s s  than 1 t c e  f o r  most of the  t h i r d  
world. 
of course, many l a s s  davolopd countr ies  use n o n - c o ~ r c i a l  energy, 
especia l ly ,  wood and a g r i c u l t u r a l  waste matarial ,  in relatively l a rge  
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q u a n t i t i e s .  b u f a c t u r i n g  wastes a r e  a l s o  u e d ,  notably in Sweden where 
by-producte of paper-making a r e  widely employed. It has h e n  es t imated  
t h a t  about a b i l l i o n  cubic  meters of f u e l  wood were u8ed annually i n  t h e  
19708, momtly by developing countries. Wood alone is s a i d  to provide =re 
than 90 parcent  of the f u e l  d e m d  in soma African coun t r i e s ,  and near ly  
60 percent  in Brazi l .  Some countr ies  a l s o  u e  l a rge  q u a n t i t i e s  of aqr icul -  
t u r a l  wastes such an dung. In  Ind ia ,  wood and dung provide over half  of 
t he  f u e l  supply. Accordingly, tha t o t a l  energy consumption of soma of t he  
less developed countr ies  can grea t ly  exceed the commercial energy repor ted  
by o f f i c i a l  statistics. A recent  Chase Manhattan Bank etudy haa evaluated  
t h e  annual growth of the  world 's  f o r e s t s  ae equivalent  to 633 mil l ion  
b a r r e l s  per day of o i l .  Flecovery of even a m u d l  f r a c t i o n  of t h i s  f o r  
e f f i c i e n t  f u e l  uee could br quite helpful .  
P e r  c a p i t a  energy consumption has been i n c r e a s i n g  a t  m a p p r e c i a b l e  r a t e  
i n  most i n d w t r i a l i r e d  c o u n t r i e s  f o r  somc the, m d  few c o u n t r i e s  have 
made m u k e d  p r o g r u s  i n  c o n s e r v a t i o n  u n t i l  m r y  r w e n t l y  (Extr ibi t  5 ) .  
8- c o u n t r i u  h e a v i l y  d a p o n b n t  on f o r e i g n  o i l  made e f f o r t s  t o  h o l d  t h e  
l i n e  on energy oonsunption a s  e a r l y  a s  1970. The r e c e n t  slow-down, 
h w e v e r ,  was l a r g e l y  due to t h e  r e c e s s i o n  o f  1974 and  1975. And t h e  
con t inued  .lowdown s i n c e  t h e n  is Largely due to t h e  s l u g g i s h  recovery  and 
t h e  r e c u r r i n g  t h r e a t  of r e a e s s i o n .  The f a s t  growth of p a r  c a p i t a  energy 
consumption i n  t h e  United Arab Emira tes  as t h e  energy- in tens ive  potroleurn 
i n d w t r y  &velopad &8erves s p a c i a l  n o t e  a8 a r r c e n t  example of  t h e  impact 
of i n d u s t r i a l i z a t i o n  and r a p i d l y  i n c r e a s i n g  a f f l u e n c e .  
Among the large i n d u s t r i a l  n a t i o n a ,  the Uni ted  S t a t e s  and Canada show t h e  
h i g h e s t  p a r  c a p i t a  energy consumption, a l though  g e n e r a t i n g  m a p p a r e n t  per 
c a p i t a  n a t i o n a l  p roduc t  l i t t l e  o r  no g r e a t e r  t h a n  some o t h a r  c o u n t r i e s .  
Hence, t h e  United S t a t e s  and Canrda a r e  o f t e n  i n d i c t e d  as w a s t e r s  of 
energy. However, evan a f t a r  c o r r e c t i n g  f o r  t h e  well-knovn d i f f e r e n c e s  i n  
p u r c h u i n g  power of  a nominal ly e q u i v a l e n t  u n i t  of  GNP o r  GDP per c a p i t a ,  
i n t e r c o u n t r y  ooppar i sons  of energy consumption muat a l s o  a l l o w  f o r  such 
v a r i a b l e  f a c t o r s  a s  the degree  o f  i n d u e t r i a l i z a t i o n ;  t h e  energy- 
i n t u r s i v m e s s  of t h e  major i n d u s t r i e s  of the count ry ;  energy  p r i c e s ;  
v i n t a g e  of  c a p i t a l  e q u i p a n t ;  c l i m a t e ;  p o p u l a t i o n  d a n s i t y ;  a v a i l a b i l i t y  of 
raw m a t e r i a l s ,  i n c l u d i n g  ind igenous  energy s o u r a e s ;  and  n a t i o n a l  energy 
policies. These f a c t o r s  are, in part, r e f l e c t e d  i n  t h e  s h a r p  d i f f e r e n c e s  
in t h e  s e c t o r a l  u8es of  energy among t h e  i n d u s t r i a l i z e d  n a t i o n s ,  a s i t u a -  
t i o n  which should  have a m j o r  impact on p a r  c a p i t a  energy consumption 
( E x h i b i t  6 ) .  I n  f a c t ,  i n  s t u d i e e  of  energy consumption i n  i n d i v i d u a l  U.S. 
states o r  r e g i o n s ,  p t t e r n s  vary  a i m i l a r  to those m c o u n t e r e d  in Western 
Ituropaan c o u n t r i a  and i n  Japan  were i d e n t i f i e d  i n  h i g h l y  i n d u s t r i a l i z e d  
and  h igh  p o p u l a t i o n  d e n s i t y  state. o r  r e g i o n s  whose economies and anergy 
and  raw m a t e r i a l  s o u r c e s  are a l w  s i m i l a r .  
I n  s p i t e  of t h e s e  c o n s i d e r a t i o n s ,  it l a  c o m o n  p r a c t i c e  to s i n g l e  o u t  the 
r a t i o  of energy consumption to GDP o r  GNP (E/G) f o r  i n t e r n a t i o n a l  
E x h i b i t  5 
tce / CAPITA  . --. ~ 
30 
NETHERLANDS 
20 
-UNITED ARAB EMIRATES 
-LUXEMBOURG 
10 
-UNITED STATES 
PER CAPITA 8 
ENERGY 6 
CONSUMPTION W. GERMANY 5 UNITED KINGXW 
OF SELECTED 4 
COUNTRlLS -SWITZERLAND 
(U.M. Dmtm) 3 
2 
1 
Exhibit  6 
SOME OECD DATA RELATED TO ENERGY CONSUMPTION 
SECTORAL ENERGY CONSUMPTION, 1978 
RESIDENTIAL / NON- 
COUNTRY INDUSTRY COMMERCIAL* TRANSPORT ENERGY 
GROSS CONSUMPTION, % 
SWITZERLAND 
UNITED STATES 
CANADA 
UNITED KINGDOM 
W. GERMANY 
SWEDEN 
NORWAY 
l TA LY 
JAPAN 
LUXEMBOURG 
"includes Agricultural Uses 
Data Source: IEA/OECD 
comparisons of energy u e  in t he  economy. Obviously, such a procedure 
provides a l imi ted  view a t  beat  becauee of the  exclusion of the  many o the r  
re levant  f ac to r s ,  wme of which have been noted hare. noreover, valuee of 
E/G repor ted  in t h e  l i t e r a t u r e  f o r  var ious  countr ies  involve coneiderable 
e t a t i e t i c a l  uncertaintime. Thie i eo becauee sxpreeeing energy 
coneumption in a comon unit euch a s  Btu o r  tons  of o i l  o r  coa l  
equivalent, and CDP i n  another copmon u n i t ,  normally U.S. do l l a re  of a 
given year ,  can be e f fec ted  only with impreciee and a r b i t r a r y  procedures. 
I n  the  caee of energy coneumption avaluat ions ,  t h e r e  i e  the choice of na t  
r a t h e r  than grose heat ing valuee; t h e  decis ion to include o r  exclude 
nonenergy usee; va r i a t ions  i n  heat ing valuee of f u e l e  frcm time to time 
and place to place;  and the  manner of accounting f o r  e l e c t r i c i t y  
conmumption -- i .e . ,  t he  simple thermal equivalent, o r  the equivalent 
energy inpu t  to conventional thermal p e r  p lan t s ,  oven f o r  e l e c t r i c i t y  
produced from h y d r o p e r  and nuclear energy. The United Nations, t h e  
S t a t i e t i c a l  Off ice  of the Europom Commmitiee, and the Organization f o r  
Economic Cooperation and Developent  ehou d i f f e r e n t  value. f o r  energy 
coneumption of d i f f e r e n t  countr iee  due to euch di f ferencee  i n  energy- 
accounting procadurea (Exhibi t  7 ) .  
Wen more importantly, convereion of na t iona l  w r e n c i e e  t o  U.S. do l l a re  
is based on exchange ra t -  which involve p o l i t i c a l ,  monetary and o the r  
considera t ione  and o f t en  d i e t o r t e  t h e  true r e l a t i v e  purchasing power 
within  the  countr iee  baing compared. Horewer,  euch r a t e s  r e f e r  pr imar i ly  
to item6 i n  i n t e r n a t i o n a l  t r ade ,  not  t o  the whole economy. Nor can 
conversion proceduree properly allow f o r  d i f ferencee  i n  na t iona l  i n f l a t i o n  
r a t e s  and d lecon t inu i t i ee  caueed by revaluat ions  of currenciee.  E f fo r t s  
to  develop man ingfu l  purchasing power p a r i t i e e  f o r  app l i ca t ion  t o  
e p a c i f i c  in tercountry  coppparieons of economic and s o c i a l  well-being a r e  
undervay, but  have not matured to t he  po in t  where q u a n t i t a t i v e  correc t ione  
of noorinal E/C ra t io .  can ba made. 
Within these  c o n s t r a i n t s  on v a l i d  comparisons, Switzerland,  France, Sweden 
and W e m t  Germany appear to have much lwer E/G r a t i o s  than the United 
Statem, the United Kingdom and Canada (Exh ib i t  7 ) .  Sweden is s a i d  to  
achiave  thim i n  s eva ra l  ways, much an more w d a r n  manufacturing f a c i l i t i e s  
bamed on axpmnmiva anargy, m t r i c t e r  bu i ld ing  codas t o  minimize hea t  loms, 
m o w  coganera t ion  of a l a c t r i c i t y ,  g r u t a r  use of waste ma te r i a l8  f o r  f u e l ,  
more raoycl ing  of uaed products ,  g r o a t e r  u re  of smal l  a u t o s  and p u b l i c  
tranmportat ion,  and mt r i c t a r  governmental fual-conearvation p o l i c i e s .  
much tha  n m a  h a m  bean w r i t t a n  about W e s t  Germany. However, in both of 
thama c o u n t r i u  and otharm in Europe, and i n  Japan, t h e  apparent  enargy 
f r u g a l i t y  m y  be pr imar i ly  due t o  t h e  h i s t o r i c  high c o s t  of energy. 
Swi tzar land ' s  axcept ional ly  favorable  r a t i o  is bel ieved t o  be t he  r e s u l t  
of g roa t e r  concent ra t ion  on l i g h t  i n d u s t r i e s  and very high ne t  value-added 
goode and mervices. 
Seve ra l  coun t r i ee  show a higher r a t i o  of energy coneumption t o  GDP than  
even the United S t a t e s  (Exh ib i t  8 ) .  Thase gene ra l ly  are coun t r i ee  w i t h  
l a r g e  components of energy-intensive i n d u s t r i e s ,  such as mining, i r o n  and 
steel manufacturing, and petroleum production and r e f in ing .  Examples a r e  
Luxembourg, Tr in idad ,  Guyana, and South Afr ica ,  al though such s e l e c t i v e  
and q u a l i t a t i v e  comparisons s u f f e r  from t h e  adme uncer ta in t iem as those  
which beset t h e  comparisons and coun t r i e s  w i t h  lwer E/G r a t i o s .  
Prabably t h e  nost r e l i a b l e  meamure of comparative economic and s o c i a l  w e l l -  
being is t he  number of working hours requi red  t o  purchaee a s e l e c t e d  
market basket  of asmant ia l  goods and ee rv i ces  i n  var ious  l oca t ions  
throughout the world. This  e l imina t e s  t h e  problem of e s t a b l i s h i n g  t h e  
t r u e  purchasing power of t h e  r a spac t ive  currencies .  The Union Bank of 
Switzerland has published a meries of such s t u d i e s  f o r  t h e  major c i t i e s  of 
t h a  world, and tha  la tamt  of t he se  is eummarized in Exh ib i t  9. The market 
bamket is a m l e c t i o n  of item such a8 food, c lo th ing ,  m n t ,  appl iances ,  
t r a n s p o r t a t i o n  and s e r v i c u  ob ta inab le  i n  each c i t y ,  with soma allowance 
Exh ib i t  7  
SELECTED GROUP OF COUNTRIES 
USING LESS ENERGY PER UNIT OF 
GDP THAN THE UNITED STATES In Current Dollars 
ENERGY/GDP, tce/ $1000 GDP 
1976 1977 1978 
COUNTRY U.N. DATA OECD DATA U.N. DATA U.N. DATA 
UNITED STATES 1.65 
UNITED KINGDOM 1.49 
CANADA 1.36 
l TALY 1.08 
W. GERMANY 0.92 
JAPAN 0.82 
NORWAY 0.81 
SWEDEN 0.75 
FRANCE 0.75 
SWITZERLAND 0.41 
made f o r  t h e  d i f f e r e n c e s  i n  consunere '  buying habits. I n  e p i t e  of t h e  
obvious  shortcomings of ue ing  such a l i m i t e d  eample of t h e  v a r i o u e  
economics, the comparisons are F n n t r u c t i v e  i n  t h a t  t h e y  c e r t a i n l y  f a i l  t o  
c o n t r a d i c t  t h e  broad b e n e f i c i a l  impact  of high p e r  c a p i t a  energy consump 
t i o n  w i t h  the n o t a b l e  e x c e p t i o n  of Swi tzer land .  Moreover, t h e  d a t a  of 
E x h i b i t  9,  w h i l e  c o r r e c t i n g  t h e  mieconcept ion o f  r e l a t i v e l y  l o w  l i v i n g  
s t a n d a r d s  a t  h igh  energy coneumption i n  North America, a r e  n o t  vary 
h e l p f u l  i n  e x p l a i n i n g  t h e  a p p a r e n t l y  e r r a t i c  v a r i a t i o n s  i n  energy consump 
t i o n  r e l a t i v e  to GNP o r  GDP and p o p u l a t i o n  s i z e  i n  t h e  l e a d i n g  
i n d u s t r i a l i z e d  c o u n t r i e s .  
~ x h i b i t  8 SELECTED GROUP OF COUNTRIES 
USING MORE ENERGY PER UNIT Swrco U.N. Data. 
OF GDP THAN THE UNITED STATES In Current Ddlare 
ENERGYIGDP, tcelS1000 
COUNTRY - 1976 1977 1978 
UNITED STATES 1.65 1.33 1.19 
GUYANA 1.88 1.96 - 
TRINIDAD 1.66 1.27 1.43 
SOUTH AFRICA 2.3 1 2.20 2.55 
LUXEMBOURG 2.26 1.92 1.58 
Another impor tan t  c o n s i d e r a t i o n  i n  comparing n a t i o n a l  E/G r a t i o s  is  t h e i r  
t r e n d  w i t h  t i n o  ( E x h i b i t  1 0 ) .  During t h e  poetwar p e r i o d ,  and u n t i l  t h e  
r a p i d  o i l  p r i c e  increamen in the f a l l  o f  1973, Sweden and S w i t z e r l a n d  
a h w e d  s u b s t a n t i a l  i n c r e a e e s .  Only t h e  Uni ted  Kingdom and Went Germany 
m n g  t h e  OECD c o u n t r i e s  ehowed e u b e t a n t i a l  con t inuous  d e c l i n e s  i n  t h e i r  
E/G r a t i o n ,  i n d i c a t i n g  i n c r e a s i n g  e f f e c t i v e n e s e  of  anergy u e .  During 
t h i s  p e r i o d  t h e  p e r c e n t a g e  of  energy s u p p l i e d  by o i l  and n a t u r a l  gae i n  
a l l  of  the major i n d u e t r i a l  c o u n t r i e s  i n c r e a s e d  r e l a t i v e  to c o a l  
conmumption ( E x h i b i t  1 1 ) .  T h i s  f a c t  may have benm r e s p o n e i b l e  t o  some 
degree f o r  t h e  h p r o v e m a n t s  in the e f f e c t i v e n e m s  o f  energy u s e  b u t  f a i l a  
t o  a x p l a i n  t h e  c o n t r a r y  t r e n d  i n  Sweden and Swi tzer land .  Some of  t h e  
improvamant in t h e  E/G r a t i o  p r i o r  to the 1973-1974 o i l  embar* and sub- 
sequent r a p i d  anergy cost e s c a l a t i o n s  was undoubtedly due to  t h e  long-term 
E x h i b i t  9 aY HwKumEE 
*FOUR U.S.A. CITIES 75.3-85.5 
MONTREAL, TORONTO 86,87.8 
ZURICH, GENEVA 84.3,92.3 
DUSSELDORF 98.3 
STOCKHOLM, OSLO WORKING HOURS REQUIRED 97.3.116.5 
TO PURCHASE A SELECTED 136.5 
BASKET OF GOODS 6 138.8 MILAN 139.5 
SERVICES, AS OF JUNE, 1979 LONDON 150.3 
Data Source: Unton Bank of Switzerland; MADRID 155.8 
Study Dated D.c. 1979 MEXICO CITY 189.3 
SA0 PAULO. RlO DE JAN. 194.3, 224.8 
*chicsgo, !%an Fmciaco, Los Angeles, New York. TEHERAN 204.3 
Bared on Exchange Rates of June l979. BUENOS AlRES 283.3 
Exhibi t  10 180 I 
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Exhibi t  11 CHANGE IN M I X  OF COMMERCIAL source: U.N. ~ a u :  R . r n e ~ m r  Is hydro 
FUEL USED BY SELECTED COUNTRIES and nuclear 
OIL, '10 GAS. '10 COAL. '10 
1978 1950 1965 1978 1950 1965 1078 
FRANCE 17.2 46.3 62.8 0.3 4.4 12.0 79.9 45.3 10.8 
W.GERMANY 3.1 39.6 49.2 0.0 1.8 17.1 95.9 57.7 31.7 
JAPAN 4.3 56.6 74.3 0.2 1.5 5.2 85.3 37.0 17.4 
SWEDEN 36.9 75.2 78.0 0.0 0.0 0.0 49.5 8.9 4.4 
SWITZERLAND 27.6 72.0 76.0 0.0 0.0 4.4 49.4 10.6 1.3 
U.K. 9.1 31.5 40.3 0.0 0.4 20.7 90.8 67.2 37.2 
U.S. 38.9 41.7 47.1 19.9 33.0 29.8 40.1 23.9 20.8 
t r end  of mubst i tu t iaa  of c a p i t ~ l  i n v e m m n t  and imprwed technology f o r  
energy me. Host indumtr ia l i sed  countriem have experienced an acce le ra t ed  
&cline in t h e  E/G r a t i o  mince 1973-1974 because of price-induced 
c o n n r v a t i o n  md concern f o r  mt .b i l i t y  of supply. The United S t ~ t a o  ham 
b.an ipakFng unarp.ct .dly r ap id  progress  in l w u i n g  i t a  E/G r a t i o  aFnce 
1970 and this i m  arp.ctod to wnt inue .  
There i m  alw, the pwmtion of t h e  impact of ucpotte and iqIort8 on E/G 
r a t i o s .  It would soam tha t  c o u n t r i u  impar t ing  lag. qrullrtitiea of enugy-  
in t ens ive  bas i c  -tien such a s  steelr aluminum, and food g ra ins  
mhould gain  in term of apparant  economic effec+ivan~mm of energy wr 
wheruo  c o u n t r i m  which axport such c o a o d l t i e a  mhould lose. This  should 
apply to an evmn greater ex ten t  to isports and expor ts  of  f u e l s  and 
e l e c t r i c i t y  which arm highly amrgy-intenmive COPIPOdltiea in t h e i r  am 
r i g h t .  Hwevor, t h e  rmla t ive  w n t r i b u t i o n s  of anergy-iatenslve good. to 
t h e  GDP'a and energy us- of the t r a d i n g  p a r t n u s ,  obviouely vary w i b l y .  
noreover, there have b.sn trrwndous gyra t ions  in anergy import dependmnce . 
of Fndust r ia l ized  coun t r i e s  since World W a r  I1 (-bit 12 1 .  For example, 
Japan, near ly  mlf-mufficimnt Fn 1950, is currently mre than 90 porcent  
depmdent on iqports, while lorvay and t h e  U.K. have bene f i t ed  g r a t l y  by 
t h e  d l s w v a r y  and production of o i l  and n a t u r a l  gas in t h e  North Saa to 
the p o i n t  tha t  Norway i s  m u  a not axporter of energy. This, c-d 
w i t h  the r a d i c a l  cbang.8 Fn f u e l  mix, # a c t o r a l  energy me, currency 
Exhibit 12 
TRENDS OF THE RATIO OF ENERGY PRODUCED ( Ep ) 
TO ENERGY CONSUMED ( Ec ) 
FOR SELECTED INDUSTRIALIZED COUNTRIES Source: U.N. Data 
revaluation and purchaaing power makes intercountry comparisons of 
economic effectiveneam of energy use extremely difficult. 
In term of impact an energy conmumption trend6 and e c o n d c  efficiency of 
energy use, natural gas has had no readily identifiable effect that can be 
distinguished from the impnc t  of the overall dimplace~ent of coal as a 
primary energy source Fn the industrialized world follawing World War 11. 
tiwaver, in the follwing moctione, the apecial role of natural gaa as a 
transition fuel in an rra of tightening and increasingly coatly oil 
mupplies will b e c o ~  pore apparent. 
WORLD ENELlCY RESOURCES, PRODUCTION AND D E U U D  
For asmemmment of the world's anergy future, we have at our diapooal 
reaeonably good emtimatea of proved and currently economically recoverable 
foamil fuel and uranium reaources (normally identified aa proved reserves) 
and eometiwa highly speculative estimates of total remaining recoverable 
remourcea, aasuming continuation of current e c o n d c  and technological 
trends (Exhibit 13). Unfortunately, uranium reserves and resources ax- 
clude the U.S.S.R. and the Pooplea Republic of China. They are -reseed 
in tnrme of the oxide (U30 ) : one short ton of U3O8 is maimed to produce 
400 x lo9 Btu (14.4 x lOel tce) in burner reactors and 30 x 1012 Btu 
(1.08 x lo6 tce) in breeder reactors, a ratio of 1:75. 
The preponderance of the world's fosail fuel resources is in the form of 
coal, and the ratio of the total remaining recoverable resource base to 
proved reaerves is roughly 7:l (Exhibit 14). Next to coal, the largest 
~ x h i b i t  1 3  TOTAL NONRENEWABLE 
WORLD ENERGY RESOURCES - 12/31/78 
Conventional U.S. Units 
Proved 8 Currently Estii. Total Remalrung 
Recoverable Recoverabk 
Natural Gas. 1012 cu ft 2329 - 2549 7900 - 9200 
Natural Gas ~ ~ q u ~ d s .  lo9 bbl 66 -73 223-259 
Crude Oil, 109 bbl 563 - 614 1653 - 2047 
syncrude. lo9 bbl 265 2320 
Coal, 109 short ton 819 - 876 6380 - 7135 
Uranium Oxide 
1000 short ton < $30/lb 241 0 4334 ( 5 3 0 9 ~ )  
*includes U.S. possible and speculative. 
f08ai l  resource is i n  the  "8yncruden category, comprising o i l  recoverable 
from o i l  ahale,  t u  mande and other  bitumens. It would be seven-fold 
l a rge r  i f  highly speculative e a t h a t e s  of t o t a l  o i l  ahale reaources i n  the  
25 to 100 gallons per ton range were included. The remaining recoverable 
conventional o i l  and natural  gas reaources a r e  roughly equivalent and, i f  
f u l l y  urploi ted,  mhould be e u f f i c i e n t  to meet demand f o r  hydrocarbon f u e l s  
beyond 2000. In  view of the  l a rge  resources of unconventional hydro- 
oarbona, a good portion of which a r e  not included in Exhibit. 13  and 1 4 ,  
and the conver t ib i l i ty  of coal to l i q u i d  and gaseous fuela ,  t h e  c r i s i n  
a tmoapbre  in regard to energy supply does not neem j u s t i f i e d  except 
i n a o f u  ao escalating coate a re  concerned. The 6 x 1012 t c e  of f o a s i l  
f u e l  reaources aompare t o  current  world consumption of 9 x lo9 t c e  
annually, a r a t i o  of n u r l y  700:l. 
basonably pr iced uranium, my,  up to $30 per  pound, would make only a 
minor impact on world energy reaourcea, i f  it is l imi ted to uae i n  l igh t -  
water and other burner reactcum. Only i f  the  u r a n i u m  reaourcee ware used 
in breeder reac to r s  would they aarkedly axtend the world'a f o a a i l  f u e l  
reaourcem (Exhibit  14 ) . This would hold, even i f  uranium oxide coating up 
t o  $100 per  pound were used. These nominal uranium w e t a  a r e  the  
so-called "forward coata,' which current ly  a r e  roughly o n r f o u r t h  t o  
one-third of actual aoafe. 
A c r i t i c a l  problem i n  managing t h e  t r u e i t i o n  from f o s s i l  f u e l s  t o  
inexhaustible o r  renewable energy aources is the  uneven die txibut ion of 
f o a a i l  f u e l  reeources throughout t h e  world (Exhibi t  1 5 ) .  Europe, 
excluding t h e  U.S.S.R., is in p a r t i c u l a r l y  poor circumstances in regard t o  
its endowment in f o e a i l  f u e l  reeourcee in r e l a t i o n  t o  its population. 
Norewer, t h e  climate of Europe nrakea it unlikely t h a t  it w i l l  be able t o  
derivu a major e h u e  of i t 8  energy needs from the  various d i r e c t  and 
i n d i r e c t  forma of molar energy. The Weetern Hemisphere is reasonably well  
off  in moat mapecta on the  assumption t ha t  f r e e  t r a d e  in energy mater ia ls  
and technology can be maintained a t  l e a a t  on t h i s  regional baais ,  and 
n a m n  to be especia l ly  w e l l  endowed in marginal hydrocarbon maourcee such 
Exhibi t  14 TOTAL NONRENEWABLE 
WORLD ENERGY RESOURCES - 12/3l/78 
Raved 8 Currently Estim. Total Remarun . . 9 
Recouerable.lOg tce Recouerabk, log tce 
Natural Gas 86 - 95 293 - 341 
Natural Gas Liqu~ds 9.5-10.5 32 - 37 
Crude Oil 118-128 345 - 427 
Sy ncrude 55 484 
Coal 622 - 667 4650 - 5190 
Uranium Oxide @ < $30/lb 
In Burners 34.7 76* 
In Breeders 2600 5730~ 
One Metric Ton of Coal Equivalent ( tce = 27.778 X 106 Btu = 7 X 106 kcal 
*includes U.S. possible and speculative 
as tar rands and o i l  ahale.  The huge unconventional n a t u r a l  gas reaourcee 
in North America are not included i n  any of t h e  s t a t i s t i c a l  compilat ions 
o r  ana lyaes ,  al though they a r e  i nc reas ing ly  compet i t ive  with a l t e r n a t i v e  
energy wurces .  Obvioualy, t h e  resource  data f o r  Asia and Afr ica  are in 
ques t ion  because exp lo ra t ion  ha8 ba re ly  begun. It seaas l i k e l y  t h a t  huge 
new f o a e i l  f u e l  reeources,  inc luding  o i l  and gas,  w i l l  be discovered in 
aany of t h e  geo log ica l ly  promising areas. 
Using the e x i s t i n g  l u t e d  data baee, t h e  important  r o l e  of c o a l  as a 
l a r g e  c o n t r i b u t o r  t o  t o t a l  energy aupply over a wide range of p o s s i b l e  
s cena r io s  f o r  uranium f u e l  u t i l i z a t i o n  is made apparent  in -bit 16. 
Together,  t he se  sources  form by f a r  t h e  major part of both t h e  c u r r e n t l y  
recoverable  and t o t a l  remaining recoverable  nonrenewable world energy 
~ x h i b i t  15 REGIONAL DISTRIBUTION OF ESTIMATED 
REMAINING RECOVERABLE WORLD 
FOSSIL FUEL RESOURCES, % 
AS OF DECEMBER 31,1978 
NATURAL NATURAL CRUDE 
GAS GAS LIQUIDS OIL SYNCRUDE COAL 
- -
AFRICA 5.2 5.2 6.7 4.3 0.9 
WESTERN HEMISPHERE 22.0 22.0 18.2 84.5 24.7 
(Incl. U.S.A.1 
EUROPE (Excl. U.S.S.R.) 5.0 5.0 5.5 7.3 5.4 
ASIA (lncl. European 62 .0 62.0 69.2 3.9 66.0 
U.S.S.R. and Middle East) 
AUSTRALIA, NEW ZEALAND 5.8 5.8 0.4 - 
- 
3 .O 
- 
TOTAL 100 100 100 100 100 
MIDDLE EAST ONLY 26.3 - 43.2 - - 
~ x h i b i t  16 NONRENEWABLE WORLD ENERGY RESOURCES 
As of Dec. 31,1978 
( Burmr R a u ~ o r s )  
26.4 X Btu Told Rsmamg Recovrsble 
0 . 9 5  X 10'2 tca ( Braader Reactors ) 
3 3 0  X l0l8 Btu 
11.9X 1012 tcr 
C u m u y  RKar&k 
1Braad.r RaacIorm I 
Note : Oil mcludrm natural gas llqulds. Syncrude I m n  a l  shak and blturnena. 
tcr : mtr ic  ton of coal wulvaknt z 27.778 X 106 BIU 
reeourcee. I n  view of t h e  unce r t a in t i ee  overhanging nuclear and renewable 
energy dsvelopment, it is reammuring that t he  l i f e  of world coal  and o the r  
foemil  f u e l  remources a t  reamonable demand growth r a t e s  would be. on t he  
order of 100 yearm even i f  t he re  were l i t t l e  r e l i a n c e  on non-fomsil energy 
f orae  (Exhibi t  17 ) . However, t h e  containahant of energy demand growth to  
no =re  than 3 percent  a n n u ~ l l y  without merious economic, w c i a l ,  and 
p o l i t i c a l  conmaquencw w i l l  dopend importantly on containment of popula- 
t i o n  growth and improved e f f i c i ency  of energy w e .  I n  addi t ion ,  t he re  i e  
t h e  growing concern over c u b o n  dioxide buildup i n  t h e  atmomphere 
a a w c i a t e d  with continuing and increaming fomail f u e l  w e .  Moreover, 
cu r ren t  t r ends  i n  t h e  expanmion of world energy mupply do not  bode wel l  
f o r  the  c a p c i t y  of l i k e l y  energy Fnframtructurem i n  being by 2000 t o  
providm the  equivalent  of 3 t c e  p r  cap i t a  f o r  6 b i l l i o n  poopla. Thie 
would be. roughly equivalent to  a world conmumption l e v e l  of 
12 t o  13 x l o 9  ton8 of o i l  equivalent  (toe),  approximately J d w a y  between 
t h e  high and low growth cameo mhwn i n  Exhibi t  18. 
The data of Exhibit  18 were repor ted  i n  t h e  OECD Obaerver of September 
1979 and a r e  baaed on a 3-year mtudy of "the f u t u r e  d e v e l o p n t  of 
advanced i n d u s t r i a l  aoc ie t i ee  i n  harmony with t h a t  of t h e  dsveloping 
~ x h i b i t  17 LIFE OF WORLD FOSSIL FUEL RESOURCES 
AT VARIOUS DEMAND GROWTH RATES 
(Based on 1978 Year-End Estimates ) 
Date When Remaining 
Annual Reserve/Production Ratio 
Growth Rate, % Drops to 10 Years 
A: R o d  Reaenms (0.884 to 0.948 trillion tce) 
8: Total mna~ning recoverable resources (5.8 to 6.5 trillion tce) 
C: Ettat~va doubling of 8 resource8 by urn ot non-tossil sources 
tce I Metric Tons ot Coal Equi&nt 
~ x h i b i t  18 WORLD* ENERGY SUPPLY IN 
THE YEAR 2000 AS ESTIMATED 
BY INTERFUTURES AND IIASA, 1 06toe 
NAT. HYDRO6 
COAL OIL GAS NUCLEAR OTHER TOTAL% 
---
INTERFUTURES. 
HlGH GROWTH RATE 3290 5960 2305 1855 1190 14.600 
IIASA, HIGH GROWTH 3610 5230 2150 2640 770 14,400 
IIASA. LOW GROWTH 2915 4025 1610 2100 700 11,360 
** THE TOTAL FOR INTERFUTURES ESTIMATE FOR 
MODERATE GROWTH WAS 13,000 X 106 toa, OR 
ABOUT 260 MILLION bbl OF CRUDE OIL 
EQUIVALENT PER DAY. 
c o u n t r i e s "  k n o m  a s  I n t e r f u t u r e s ,  whose p r o j e c t i o n s  a r e  compared w i t h  
t h o s e  of t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Syeteme Analys i s  ( I I M A ) .  
M e t r i c  t o n s  of o i l  e q u i v a l e n t  a r e  h e e d  on a h e a t i n g  v a l u e  of 10,000 
cal /gram s o  t h a t  1 toe = 1.43 t c e  = 39.68 m i l l i o n  Btu. It is i n t e r e e t i n g  
t o  n o t e  t h e  l a r g e  p r o j e c t e d  r e l i a n c e  on o i l  and t h e  r e l a t i v e l y  l i m i t e d  
r e l i a n c e  on n a t u r a l  gas  in 2000. T h i s  seams t o  r e f l e c t  undue p e s s i m i s m  on 
expansion of  world gas  t r a d e  and cor reeponding  opt imism on t h e  c o n t i n u e d  
expansion of  world o i l  s u p p l i e s .  
World coal and l i g n i t e  p r o d u c t i o n  reached  about  2800 m i l l i o n  t c e  ( m e t r i c  
t o n e  of  c o a l  e q u i v a l e n t )  in 1978, a c c o r d i n g  to p r e l i m i n a r y  U.N. d a t a .  I n  
a c t u a l  tonnage this w a s  3508 m i l l i o n  tonnes  (metric t o n e  o r  3867 e h o r t  
t o n e )  i n c l u d i n g  1069 m i l l i o n  s h o r t  t o n s  of  l i g n i t e  and brown c o a l .  
P roduc t ion  i e  expec ted  t o  reach  a b o u t  4000 m i l l i o n  e h o r t  t o n e  in 1980. 
The U.S.S.R., t h e  Uni ted  S t a t e s ,  and t h e  Peoples  R8public  of China a r e  t h e  
major p r o d u c e r s  ( E x h i b i t  19) .  China ' s  p r o d u c t i o n  h a s  been r i s i n g  r a p i d l y  
a s  it moves to modernize its i n d u e t r i e s .  H w e v e r ,  c o a l  s u b s t i t u t i o n  f o r  
o i l  i n  s t a t i o n a r y  h e a t  energy a p p l i c a t i o n s  is p r o g r e s s i n g  a t  much too slw 
a pace  i n  l i g h t  of t h e  l i m i t e d  p r o e p e c t s  f o r  f u r t h e r  expaneion of  world 
c r u d e  o i l  p roduc t ion .  
The Uni ted  S t a t e s  wae f o r  many y e a r s  t h e  p r i n c i p a l  p roducer  of  petroleum, 
produc ing  a s  much a e  two-thirdm of  t h e  w o r l d ' s  eupply,  even a s  l a t e  a 8  t h e  
1920s. The U.S.S.R. i e  n w  t h e  No. 1 crude  o i l  p roducer ,  and Saudi  Arabia 
has a l s o  eurpaeeed t h e  Uni ted  S t a t e e  ( E x h i b i t  20) .  World annua l  
p r o d u c t i o n  g r e w  a t  about  7.5 p e r c e n t  p e r  y e a r  i n  t h e  p e r i o d  1942-73. The 
subeequent  p r o d u c t i o n  c u r t a i l m a n t a  and p r i c e  r i e e s  have reduced t h i s  r a t e .  
I n  t h e  near  term, t h e  growth r a t e  w i l l  depend l a r g e l y  upon OPEC p r i c i n g  
and p o l i t i c a l  c o n s i d e r a t i o n e  and t h e  auccees  of  non-OPEC producers  i n  
i n c r e a s i n g  t h e i r  s h a r e  of  world produc t ion .  A s  t h e  t u r n  of t h e  c e n t u r y  is 
approached, r e s o u r c e  l i m i t a t i o n e  w i l l  have i n c r e a s i n g  impact.  Mexico, 
once a p r i n c i p a l  p roducer ,  i e  i n c r e a s i n g  i ts  p r o d u c t i o n  r a t e  r a p i d l y  and 
is expec ted  to a g a i n  become a very  i m p o r t a n t  p roducer ,  due t o  t h e  r e c e n t  
d i e c o v e r i e s  of e u b e t a n t i a l  q u a n t i t i e s  of o i l .  Hwever ,  it seems u n l i k e l y  
t h a t  p r o j e c t e d  world demand in the 75 t o  more than 100 m i l l i o n  
barrel-per-day r a n g e  i n  2000 (compared t o  62 m i l l i o n  now) w i l l  be 
e a t i e f  i ed .  
~ x h i b i t  19 ANNUAL COAL AND LIGNITE PRODUCTION 
BY SELECTED COUNTRIES 
COAL AND LIGNITE 
PRODUCTION. 106 tons 
U.N. data indicate  t h a t  about 20 percent of the  world's comercia1 energy 
production is accounted f o r  by na tu ra l  gas. There is a g rea t  deal of 
waste of natural  gas asmociatod with crude o i l  due t o  the  lack of 
p i p l i n e e  to tranmport it to market and lack of i n d u t r i a l i z a t i o n  of many 
oil-producing countries.  Total  world gas production is i n  excess of 60 
t r i l l i o n  cubic f e e t  (1012 cubic f e e t  o r  Tcf) annually, wheream mmrketed 
production is nearer 50 Tcf per  year. Successful e f f o r t s  t o  bui ld  
f a c i l i t i e s  f o r  l iquefying the  unused gae and exporting it to  oil-importing 
Exhibit  20 ANNUAL CRUDE OIL PRODUCTION 
BV SELECTED COUNTRIES 
U.SS.R. 
W D l  ARABIA 
He.*-- 
IRAN 
CRUDE OIL PRODUCTION. 
U16 bbl/yr 
VENEZUELA 
NICERIA 
KUWAIT 
INDONESIA 
CANADA 
MEXICO 
countrimm havm openmd n w  market. Lor t h i n  rmmourae. The Unitmd S t a t e s  
and t h m  U.S.S.R. are by f a r  the l ead ing  producer6 of n a t u r a l  g u  
(Exh ib i t  21).  Conventional U.S. production i e  expactad to contlnue t o  
dec l ine  slowly, bu t  t o t a l  vo r ld  production ehould continue t o  increame 
submtant ia l ly  u n t i l  the t u r n  of t he  century  and, perhaps, som time 
beyond, u a rmsult  of the favorable world resource p i c tu re .  
Exhibi t  21 ANNUAL MARKETED NATURAL GAS 
PRODUCTION BY SILECTED COUNTRIES 
M W  MARKETED 
NATURAL GAS 
PRODUCTION. 70l2 ft3 
m a d  on the e m t l m t m s  of r a m i n i n  rmcovmrable world resources  on a 
hea t ing  value h s i m  (1 quad = 1012 Btu - 1.055 x 101° jou le s ) ,  the 
deplmtion r a t e  of conventional  n a t u r a l  gae i m  about ha l f  t h a t  of cruda o i l  
(Exh ib i t  22).  This allows t h e  posmibi l i ty  of aubmtantial  eubmtitution of 
g u  f o r  o i l  in mtationary hmat applications during the energy t r a n s i t i o n .  
However, t h i s  w i l l  depend -r tantly on q r w i n g  world qaa t r ade ,  both in 
form of l i q r u f i e d  n a t u r a l  g.s and through i n t e r n a t i o n a l  p ipe l inee .  This, 
in t u rn ,  w i l l  depend not only on g-rutar mtab i l i t y  i n  export price. b u t  
a180 on gmnmral accmptance of a p r i m  d i f f e rmnt i a l  ke tmen  n a t u r a l  gae and 
o i l  that raaoqnizes the  muah highmr transmission and m t o r a p  c o m t s  of gas 
and its lowar form va lu r  in ca3p.rimon with hydrocarbon f u e l s  s u i t a b l e  f o r  
t r u m p o r t a t i o n  rues. 
THE WI'URE IlDLB OP NATURAL &IS I N  THE UNITED SPATES 
Ae in much of the r a n t  of the world, the growth i n  O.S. energy damand 
e ince  the  e a r l y  1900s hae been s a t i s f i e d  p r imar i ly  by increased 
consumption of petroleum l i q u i d s  and n a t u r a l  gaa, mile t h e  cont r ibut ion  
of coa l  has  r-ined a t  about t h e  sanra average l e v e l  s i n c e  the t u rn  of the 
century ohchibi t  23). Howevar, in the e a r l y  1970s the rue  of n a t u r a l  gas 
peaked because of Qp.stic supply l i m i t a t i o m  and is now on a p l a t eau  
corresponding to about 25 pa rcen t  of pripary energy demand. 
WORLD CONVENTIONAL NATURAL GAS AND 
CRUDE OIL RESOURCES AND RATES OF 
CONSUMPTION 
GAS OIL 
AMOUNT OF RESOURCE, quads 8.1 00- 9.600- 
9,500 1 1,900 
1078 ANNUAL DEPLETION RATE, % 0.61 1.20 
Emtiwtee of the ramaining economically recoverable muppliee of 
conventional natural gas and petroleum liquids in the United Statee vary 
mubetantially, in part k c a u e  of the difference6 in future wellhead price 
expectationm and the technological and economic uncertainties in the 
potential of enhanc8d oil recovery. There im ale0 grwing opthiem about 
so-called "unconventionalg resources of natural gam and other natural 
sourcam of -thane not n w  in use in regard to quantities expected to 
becore racwerable at a coat competitive with other premium forma of 
Exhibit 23 
CONTRIBUTION OF VARIOUS SOURCES 
TO US. HlMARY ENERQY 
CONSUMPTION, 1850 - 1078 
[DATA IN 6-YEAR INTERVALB: 1660-19001 
WADRILLION (10") Btu 
40 
- 
PETROLEUM 
30 - 
- 
energy. The cu r r en t  bes t  e s t ima te  of t he  U.S. f o s s i l  f u e l  resource base 
excluding unconventional n a t u r a l  gas is 28,000 t o  45,000 quads 
(Exh ib i t  241, o r  roughly 500 times t he  c u r r e n t  r a t e  of annual consumption. 
As in  t h e  case  of world f o s s i l  f u e l  reeources,  c o a l  remources r ep re sen t  
80 percent  of t he  U.S. total. Considera t ion  of t h e  q u a n t i t i e s  and na ture  
of t he se  U.S. f o s s i l  f u e l  resources  l e a d s  t o  t h e  same conclusion as f o r  
t h e  world ro a whole: t he re  is no shor tage  of f o s s i l  f u e l  resources ,  only 
a r eg iona l  s c a r c i t y  of proved r e se rves  of t h e  wst des i r ab l e  f o r m  of 
the- fu.10. 
Exhib i t  24 U.S. FOSSIL FUEL RESOURCES 
12/31/79 
Eslm. Total 
R.mwng 
Recoveram. 
10'8 Btu 
Dry Natural Gas 
Natural Gea Liquid8 
Crude Oil 
Coal 
Shale Oil 81 
Bitumens 0.44 6.04 
- 
Total 5.58 28.28-45.24 
Estimates of t h e  U.S. resource baee of unconventional forma of n a t u r a l  gas 
(Eaetern  s h a l e s ,  Weetern t i g h t  e a n b ,  c o a l  e e a m ,  and geopremsured 
a q u i f e r s )  are very s e n s i t i v e  t o  assumptions of production technology 
inp rovmnn t s  and coa t  competi t iveness w i t h  energy sources  of aquiva lent  
form value (Exhibit.  25 and 26 ) .  It appears t h a t  t h e  r e l a t i v e l y  near-term 
mourcea (Weatern t i g h t  eanda and Devonian e h a l e s )  would double p r w e d  
r e se rves  and t h a t  tho u l t ima te  p o t e n t i a l  i e  much g rea t e r .  A major 
t e c h n i c a l  reeearch,  developmnt  and demonstration e f f o r t  i e  underway i n  
t h e  United S t a t e s  in  conjunction with a g rea t ly  acce l e ra t ed  explora t ion  
e f f o r t ,  t o  f u l l y  develop the p o t e n t i a l  of a l l  t h e  var ious  fonns of 
unconventional n a t u r a l  w e .  The G a s  Research I n s t i t u t e  ( G R I )  hae become 
inc reas ing ly  a c t i v e  i n  this area .  
Thanks to  t h e  improved outlook f o r  U.S. n a t u r a l  gas supply, t h e r e  is a 
growing concern f o r  t h e  s i z e  of f u t u r e  gas markets. I n  f a c t ,  a t  t h i s  
t h e ,  gas u e  i n  t h e  United S t a t e s  i e  demand l imi ted .  I n  t h e  r e s i d e n t i a l  
and c tnmerc ia l  markets, e l e c t r i c i t y  is t h e  major competi tor .  I n  t h e  
i n d w t r i a l  and power p l a n t  markets, it i e  c o a l  and, a t  p r e s e n t ,  l o r p r i c e d  
r e s i d u a l  f u e l  o i l  which has a l s o  been i n  oversupply. 
A widely accepted premise has been t h a t  e l e c t r i c i t y  is t ba  p r e f e r r e d  
source of energy needs i n  t h e  f u t u r e  because it can be der ived  w i t h  
e x i s t i n g  technologies  from abundant domestic energy eources  -- c o a l  and 
nuclear  f i s s i o n .  I t  is,  of course,  in t h e  consumer interest t o  w e  
e l e c t r i c i t y  where it can provide supe r io r  s e rv i ce ,  and theee  uses  a r e  
expected to provide continuing demand growth, perhaps h igher  than  t h a t  of 
o t h e r  energy forme. However, it i e  i l l o g i c a l  t o  use e l e c t r i c i t y  where 
o the r  energy forma can & t h e  job as w e l l  a t  lover c o s t  aod w i t h  less 
impact on t h e  environment. For exaqle, while t h e  r e l a t i v e  writs of 
coal-by-wire veraus coal-by-pipeline are still being vigorowsly debated, a 
Exhibi t  25 UNCONVENTIONAL SOURCES 
OF NATURAL GAS 
ESTIMATED 
RECOVERABLE 
ESTIMATED AT MARGINAL 
RESOURCE COST UP TO 
SOURCE BASE. TCF $411 000 CF, TCF 
EASTERN SHALES 600 30 
WESTERN TIGHT 600 
SANDS 170 
COAL SEAMS 2500 350 
GEOPRESSURE 3,000- 
AQUIFERS 100,000 160 
SOURCE. ERDA MARKET ORIENTED PROGRAM 
PLANNING STUDY. JUNE. 1977 
 hir rib it 26 1980 GRI ESTIMATE OF UNCONVENTIONAL 
SOURCES OF NATURAL GAS, TCF 
ESTIMATED RECOVERABLE 
AT MARKET PRICE OF 
$6/lOOO CF ($1979) 
ESTIMATED 
RESOURCE EXISTING ADVANCED 
SOURCE BASE TECHNOLOGY TECHNOLOGY 
TIGHT FORMATIONS: 
WESTERN 800  60  150 
TIGHT SANDS 
DEVONIAN 
SHALE 
COAL SEAMS 500 30 60 
number of s t u d i e s  have shown t h a t  gas-fronrcoal  would result i n  lwer 
marginal wnaumer coa t s  and l e e s  a n v i r o ~ n t a l  impact. A t y p i c a l  cu r ren t  
government view of increases i n  e l e c t r i c a l  energy use a t  t h e  exponee of 
increased pene t r a t ion  by gaseoue f u e l s  is represented  by National  Energy 
Plan 11 (Exh ib i t  271. tlawever, GRI be l i eves  that  gas energy end-use in  
2000 could be a s  high aa 33 x 1015 ~ t u  (quad.) based on cost-competi t ive 
economic demand (Exhibi t  28 ) . 
The amounts of energy used and t h e  degree of s u b s t i t u t i o n  of one source 
f o r  another a r e  price-dependent i n  t h e  long run, o t h e r  t h i n g s  being equal .  
Although t h e  apparent  coat  of r e s i d e n t i a l  energy has h e n  r i s i n g  appreci-  
ably,  in torma of cons tant  d o l l a r s  t h e  inc rease  has been r e l a t i v e l y  modest 
s o  far (Exhibi t  29).  The r e l a t ionsh ips  between the average coa t  of f u e l  
t o  U.S. r e e i d e n t i a l  cus topsrs  shown i n  Exhibi t  29 are expected t o  hold in  
t he  f u t u r e  with the poss ib l e  exception of a temporary acce le ra t ion  of gas 
c o s t  increases compared to e l e c t r i c i t y  coa t  increaees .  The samc app l i e s  
t o  f u e l  p r i c e e  f o r  the i n d u s t r i a l  eec tor .  Thue, on an equal  hea t ing  v a l w  
Exhibit 27 
END-USE ENERGY CONSUMPTION IN THE YEAR 2000 
PROJECTED BY NEP-II 
(Source: DOE) 
WORLD OIL PRICE. 
S(197Q)/bbl 
l Q 7 7  S 2 l  $32 S38 
---- 
quadslyr 
END-USE CONSUMPTION 
LIQUIDS 33 42 36 29 
GASES 17 21 22 22 
DIRECT COAL 
ELECTRICITY 
RENEWABLES 
SUBTOTAL 
CONVERSION LOSSES 16 33 36 37 
---- 
TOTAL CONSUMPTION 78 123 119 117 
~xhibit 28 GRI ECONOMIC GAS DEMAND SCENARIOS 
35 
3 0  
25 
ECONOMIC 
DEMAND. TCF/yr 20 
15 
10 
5 ESlDENTlAL/ 
0 
ACTUAL LOW HIGH LOW HlGH 
1978 1985 2000  
basis, natural gas should remain considerably less expensive than heating 
oil. and bath considerably cheaper than electricity. 
In comparisons of energy costs, allowance must, of course, be made for 
differences in seasonal utilization efficiency, say 100 percent for the 
heating efficiency of electricity in reeietance heaters, and 50-60 percent 
for gas and oil in domsstic boilers and furnaces. This still leaves a big 
margin in favor of gas, especially since new boilers and furnaces have 
seasonal efficiencies much greater than the average of the existing stock. 
However, GRI ' a  aodeling work indicates that, in the future, advanced high 
exhibit 29 NATIONAL AVERAGE COST OF FUEL 
TO RESIDENTIAL CUSTOMERS, 1972 $11 o6 Btu 
DATA SOURCE: DOE 
HEATING OIL - 2.11 2.25 2.29 2.94 
NATURAL GAS 1.19 1.30 1.59 1.62 1.88 
ELECTRICITY ZOO 8.00 8.20 8.1 0 7.79 
NOTE: TO CONVERT TO 1979 DOLLARS MULTIPLY BY 1.62. 
efficiency gas spa- heating technology, such an pulse combustion furnaces 
and gas heat pumps, will be required to compmte with electric heat punpa 
on a marginal space heating service coat basis (Exhibit 30). The "price 
of wrvice" in Exhibit 30 considere the ~lrginal coot of the delivered 
energy, energy conversion efficiency, and quiprent capital costs. 
The U.S. Department of Energy ( W E )  view as expreseed in National Energy 
Plan I1 of the prospocta for gas supply and demand to the year 2000 
indicate8 stabilization at or somewhat above the current level of 19 to 20 
trillion cubic feet per year, thanks to the increased availability of 
eupplemantal sources to compensate for the decline in conventional Lover 
48 natural gas eupply (Exhibit 31). It is the view of GFU that the true 
economic drpand for gaa in 2000 can be satisfied with larger quantities of 
supplemantale at competitive costa than projected by DOE (Figure 32). 
Unconventional natural gas is expected to play an especially important 
role in this projected departure fros recent trends. 
~xhibit 30 COMPARISON OF MARGINAL COSTS FOR 
RESlDENTlAL/COMMERCIAL SPACE 
HEATING TECHNOLOGIES 
HEAT PUMPS 
PRICE OF SERVICE. OIL HEAT 
1979 W1O6 Btu '1 GAS HEAT 
5 
DVANCED GAS 
ECHNOLOGIES 
E x h i b i t  31 GAS SUPPLY 
PROJECTION BY NEP-II 
(Source: DOE) 
NATURAL GAS 
CONVENTIONAL LOWER 48 18.6 16-18 12-14 
ALASKA 0.1 0.8-1.0 1-2 
UNCONVENTIONAL - - 0.3-0.8 1-6 
SYNTHETICS 
FROM COAL 
FROM PETROLEUM 
TOTAL DOMESTIC 18.8 18-20 16-22 
lM PORTS 1.0 1.8-2.2 1.6-2.0 
-- -- NET WITHDRAWALS FROM STORAGE -0.6 
TOTAL SUPPLY 20.3 20-22 18-24 
An e r r o n e o u s  p i c t u r e  e x i s t s  i n  r e g a r d  t o  energy c o n s e r v a t i o n  i n  t h e  Uni ted  
S t a t e s :  ndmely, t h e  concern f o r  energy  c o n s e r v a t i o n  began o n l y  a f t e r  t h e  
1973-1974 o i l  embargo. I n  f a c t ,  t h e  energy consumption-to-GNP r a t i o  (E/G) 
on t h e  b a s i s  of  c o n s t a n t  1958 d o l l a r s  d e c l i n e d  from about  140,000 Btu p e r  
d o l l a r  of GNP post-World War I t o  an a v e r a g e  of about  90,000 Btu p e r  
d o l l a r  of CNP i n  t h e  19608. C u r r e n t l y ,  t h e  r a t i o  is a g a i n  d e c l i n i n g  q u i t e  
r a p i d l y  and reached  a modarn lw of 54,900 Btu par 1972 d o l l a r  of  GNP i n  
1979 ( E x h i b i t  33 ) . 
E x h i b i t  32 
GRI RANGES OF POTENTIAL GAS SUPPLIES, TCF 
NATURAL GAS 
CONVENTIONAL 
ALASKAN 
UNCONVENTIONAL 
SYNTHETIC NATURAL GAS 
FROM PETROLEUM 
FROM FOSSIL FUELS 
(Coal, Peat, Oil Shab) 
FROM BIOMASS AND WASTES 
PIPELINE IMPORTS 
CANADIAN 
MEXICAN 
LNG IMPORTS 
TOTAL 
PROBABLE RANGE 19.5- 23.5 24.7- 30.1 
E x h i b i t  33 TREND OF ENLROY CONSUMPTION 
PER UNIT OF ONP IN THE U.S. 
Thousand Btu/$(1958) 
I n  view of t h e  unce r t a in ty  of t h e  c o n se rv a t i o n  p o t e n t i a l ,  it is d i f f i c u l t  
t o  f o r e c a s t  f u t u r e  energy consumption, even a t  an assumed growth r a t e  f o r  
t h e  g r o s s  n a t i o n a l  product .  One need only  oons ider  t h e  e v e n t s  f o l l o win g  
t h e  1973-1974 OPEC o i l  p r i c i n g  a c t i o n  t o  r e a l i z e  t h i s .  O p t i m i s t i c  
p r o j e c t i o n s  of t h e  r a t e  of growth of t h e  GNP and  domes t ic  f o s s i l  f u e l  and 
n u c l e a r  energy product ion  have been cont inuous ly  downgraded. The c u r r e n t  
t h i n k i n g  is t h a t  t h e  GNP w i l l  grow a t  about  3 p e r c e n t  per y e a r  over  t h e  
l o n g  t e r m .  Since  t h e  energy-GNP c o e f f i c i e n t  has averaged  0.6 p e r c e n t  
growth i n  (pr imary)  energy conaumption per 1 p c r c e n t  growth i n  GNP i n  t h e  
i n t e r v a l  1970-1978, t h e  long-term growth i n  energy consumption is now 
be ing  a s ae s s ed  a t  1.8 p e r c e n t  p e r  y e a r .  T h i s  l e a d s  to an energy use of 
114 quads ( l o1=  Btu)  i n  2000 -- a f i g u r e  much lower than  p r e v io u s ly  
f o r a a a s t ,  and one which is certain t o  r e q u i r e  c o n s a m a t i o n  and improved 
e f f i c i e n c y  i n  a l l  s e c t o r s  of t h e  economy ( E x h i b i t  34) .  However, wi th  an 
expec ted  popu l a t i on  of 250 t o  280 m i l l i o n ,  t h i s  would stil l  a l low a m d e s t  
growth i n  p a r  c a p i f a  energy we. 
On t h e  basis of a yea r  ZOO0 t o t a l  U.S. anergy Qpand in t h e  100 t o  120 
quad ran-, and l i k e l y  t o t a l  ga s  s u p p l i e s  i n  t h e  25 t o  30 t r i l l i o n  c u b i c  
f o o t  range  ( 1  t r i l l i o n  cub i c  f o o t  of gas  per y e a r  - 1 quad - 0.5 m i l l i o n  
b a r r e l s  per day of o i l  e q u i v a l e n t ) ,  gaseous f u e l s  are expec ted  to hold  
t h e i r  p r e s e n t  market s h a r e  of 25 p e r c e n t .  The reason  is t h a t  i n  t h e  
~ x h i b i t  34 POSSIBLE LEVEL OF ENERGY USE IN 2000 
1979 PRELIMINARY VALUE OF E = 78.2 QUADS 
78.2 (1.018)~~ = 114 QUADS IN 2000 
ENERGY USE/CAPITA = 114 X 1 0 ' ~  Btu/265 X 106 
a430 X 106 Btu 
E x h i b i t  35 HIERARCHY OF SUPPLEMENTAL 
ENERGY SOURCES BY COST 
E S T I M A T E D  P R I C E  A T  
P O I N T  O F  P R O D U C T l O N  + 
S U P P L E M E N T A L  S O U R C E  ~119791110~ Blu 
DLlCCONVLNTlONAL N A T U I A L  GAS 3 0 0 - 4 0 0  
L IC IU IF I ID  N A T U I A L  GAS 1N.r P,O~.C~II 3 5 0 - 4  60 
UNCONVENTIONAL N A T U I A L  GAS 
I E m c l u a ~ n ~  G*~r..mur.d Ion. mnd CoalS.amG.sl 3 5 0 - 5  0 0  
MEDIUM-BIu  GAS F W M  COAL I Is IG*nr. t~onl  
SOLVENT l E F l N L 0  COAL IS01861 
CNWANCEO OIL ILCOVEl*  
C I U O I  W A L E  OIL 1411 haemmeml 
N A T U l A L  GAS F I O M  ALASKA IAI the bx-1 
*ban.Bru GAS rnoM COAL IIII Qmr.tarnl 
LOW.SULFUl  WLAVV FUEL OIL FROM COAL 
OISTILLATL FULL OIL FROM COAL 
METWANOL F I O M  COAL 
aAsoLltuL r n o M  COAL 
B U S m A I  ILRCTI IC ITV  F M M  COAL IWtlh 
ScruWmI l  
LTWVL A L C W O L  I n O M  mIOMAss 
h i e r a r c h y  of supplementa l  eourcee of energy r a n g i n g  from deep and uncon- 
v e n t i o n a l  n a t u r a l  g a s  t o  s y n t h e t i c  f u e l s ,  Alamkan gas and c o a l - f i r e d  
e l e c t r i c i t y ,  and f i n d l l y  to a l c o h o l  from biomass, a l l  t h e  v a r i o u s  sourcee  
of  gae a p p e a r  to be c o q m t i t i v e  wi th  a l t e r n a t i v e  c l e a n  energy sourcee  i n  
s t a t i o n a r y  h e a t  energy a p p l i c a t i o n e  ( E x h i b i t  3 5 ) .  There  have been some 
s h i f t s  i n  t h e  r e l a t i v e  p r i c e s  e i n c e  1979. Imported l i q u e f i e d  n a t u r a l  gas  
and to a lesser e x t e n t  deep c o n v e n t i o n a l  n a t u r a l  g a s  have lomt a p o r t i o n  
of  their p r i c e  advantage.  
Comparative energy costs such  as t h o s e  ahown i n  X x h i b i t  35 do n o t  r e f l e c t  
t h e  t r u e  v a l u e  of t h e  v a r i o u s  energy f o r m  i n  par forming  energy s e r v i c e s .  
P r d u m  l i q u i d  f u e l e ,  which u e  cheap to s t o r e  and d e l i v e r  and which can 
be used t o  f u e l  automotive o r  air  t r a n a p o r t ,  have t h e  h i g h e s t  form v a l u e  
o f  any c h d c a l  f u e l  and u e  a l s o  t h e  most c o a t l y  to r e p l a c e  from non- 
pe t ro leum sources .  E l e c t r i c i t y ,  which c a n  be conver ted  d i r e c t l y  to s h a f t  
horsepower a e  w e l l  as t o  h e a t  a t  very  h i g h  e f f i c i e n c i e s  obvioue ly  hae t h e  
h i g h e s t  form v a l u e  of any energy s o u r c e  on a d e l i v e r e d  h e a t  e q u i v a l e n t  
b a s i s .  But e l e c t r i c i t y  s u f f e r e  i n  term of its economic c o m p t i t i v e n e s s  
i n  many a p p l i c a t i o ~  b e c a u w  i t a  d e l i v e r e d  coat r e f l e c t s  t h e  r e l a t i v e l y  
low e f f i c i e n c y  and great c a p i t a l  i n t e n s i v e n e s s  of g e n e r a t i n g  it, t h e  h igh  
c o s t  of  transmitting and d i s t r i b u t i n g  it, and t h e  ex t remely  h igh  cost of 
s t o r i n g  it. 
Gaseous f u e l e ,  and p a r t i c u l a r l y  h igh  methane-content f u e l s ,  because of  
t h e i r  c lean-burn ing  c h a r a c t e r i a t i c a ,  env i ronmenta l  c o m p a t i b i l i t y ,  and e a s e  
of combustion c o n t r o l ,  compete wi th  e l e c t r i c i t y  a s  a u t i l i t y  a e r v i c e ,  
across-the-board w i t h  a l l  g r a d e s  o f  f u e l  o i l  i n  t h e  s m a l l e s t  t o  t h e  
l a r g e s t  s t a t i o n a r y  h e a t  energy marketa ,  and even w i t h  coal. They a l s o  
compete w i t h  t h e  a p p r o p r i a t e  l i q u i d  f e e d e t o c k s  as a s o u r c e  o f  petrochemi-  
cals. T h i s  broad spectrum o f  markets ,  and t h e  f a c t  t h a t  gaseous f u e l e  
r a n g i n g  from law h e a t i n g  v a l u e  i n d u e t r i a l  f u e l s  to methane c a n  be d e r i v e d  
s x h i b i t  36 RELATIVE VALUES OF SUPPLEMENTAL 
ENERGY SOURCES 
ELECTRIC POWER 2.0 
TRANSPORT FUELS 1.5 
GASOLINE. ETHYL ALCOHOL. JET FUEL. DIESEL FUEL 
PREMIUM FUELS 1.25 
NATURAL GAS, SYNTHETIC PIPELINE GAS, NO. 2 
FUEL OIL AND SYNTHETIC EQUIVALENTS. 
METWYL ALCOHOL 
HIGH-GRADE INDUSTRIAL FUELS 
MEDIUM-B~u QAS. LOW-SULFUR NO. 6 FUEL OIL 
AND SYNTHETIC EQUIVALENTS 
BOILER FUELS 
SOLID SOLVENT REFINED COAL, LOW-Btu GAS 
from probably t h e  widest va r i e ty  of na tu ra l  and syn the t i c  sources of any 
energy form, complicates t h e  m s e a a m n t  of r e l a t i v e  form value. Obvious- 
l y ,  i f  a r e l i a b l e  anawer is sought, t h e  only baaim f o r  compariaon is t h e  
a c t u a l  coa t  of the  energy se rv ice  provided, i.e., t he  coat  of space 
heat ing,  haat  de l ivered a t  a given temperature i n  an i n d u s t r i a l  process,  
o r  t r anspor t a t ion  p r w i d e d  a t  a givan comfort l eve l .  Weighting f a c t o r s  of 
t h e  magnitude suggested i n  Exhibit  36 can be employed t o  account vary 
rouqhly in an aggregated faahion f o r  d i f f e rences  in form values a r i s i n g  
from d i f f e rences  i n  t r anspor t a t ion  and s to rage  cos ta ,  e f f i c i ency  and 
convunience of ume, e n v i r o m n t u l  impact, and muturl substitutability. 
1t mame a t r u i m r n  t h a t  a sound energy po l i cy  ahould l ead  to t h e  uee of 
each energy source a t  ita highemt form value s ince  t h i s  mhould r e a u l t  i n  
providing t h e  varioue energy ae rv ices  a t  t he  loweat, f u l l y  i n t e r n a l i z e d  
c o s t  to the  consumer. Consistent  v i t h  this concept is t h e  d i a p l a a m n t  of 
l i q u i d  f u e l s  from i n f e r i o r  s t a t iona ry  heat  energy app l i ca t ions  t o  t rana-  
p o r t  f u e l  ueea. The cheapant, w a t  r e a d i l y  a v a i l a b l e  a o u r w  of m r e  
t r anapor t  f u e l  is  not ayntkuaia from c o a l  o r  o i l  shale, o r  f e r m t u t i o n  of 
biolluaa, but  raplacamant of distillate f u e l  o i l  u8ed i n  atut ionary  applica- 
t i o m  with gas -- na tu ra l  or synthetic, conventional or unconventional. 
Thta would reduce the  dimrmion of r r f i n e r y  a t r a a u  w d  in t h e  production 
of gaooline, jet f u e l  and diemal f u e l  to production of f u e l  o i l  (Exhibi t  
37). I t  is aloo chraper and tbchnologically l e a s  complex to convert  moat 
r e s idua l  f u e l s  to t r anspor t  f u e l s  than to syn the8 i . e  tha. Ln f a c t ,  it 
a- poaalble  t h a t  by reeerving liquid. f o r  U.S. t r anapor t  f u e l  needs, 
projected  to remain a t  rn more than 10 r i l l i o n  b.rreI.8 per day through 
2000, these  needs can be se t imfied  from d o m a t i c  petroleum production 
(Exhibi t  38) plu8 m ~ g a b l e  qudn t i t i ea  of mynthetica produced f r a  o i l  
ahale  and a m l .  Obviowly, because of i t8  abundant supply and r e l a t i v e l y  
l o w  m t y  cos t ,  coa l  ahould k mubatituted in every s t u t i o n u y  hea t  
mergy  w e  w h u e  it can a f t e r  W i n g  f u l l  allowance f o r  t h e  hi-r 
i n v a s f r r n t  and o p u a t i n g  oomta a a r o c i r t e d  w i t h  c o a l  c o r k u t i o n .  
sxhibit  37 FUEL SWITCHING TO INCREASE 
TRANSPORT FUELS 
REFINED PETROLEUM 
PRODUCT DEMAND (19798, 
1 0 ~ b b l / d a y  
OASOLINE 
JET FUEL 
OTHER TRANSPORT FUEL USES 
STATIONARY FUEL USES 
2.1 
) [RESIDUAL 2.4 
OTHER USES OF REFINED PETROLEUM 
PRODUCTS 4.2 
TOTAL 18.4 1 
1 ! DISPUCE WITH OAS TO MAKE MORE OASOLINE, DIESEL I 1 i 
I FUEL. AND JET FUEL. AND REDUCE OIL IMPORTS I !  
 wit 38 ESTIMATED TREND OF U.S. PETROLEUM 
PRODUCTION BY SOURCES 
ACTUAL 
1978 1980 1986 1990 1996 2000 
------
1 o6 bbl/day 
CRUDE OIL 
LOWER 48 ONSHORE 
CONVENTIONAL 
LOWER 48 ONSHORE EOR 
ALASKA EXISTING 
ALASKA FRONTIER 
LOWER 48 OFFSHORE 
FRONTIER OFFSHORE 
SUBTOTAL 
NATURAL O M  LIQUIDS 
TOTAL 
CONCLUSION 
The overall conclusion from th is  assessment of the prospects of natural 
gas is that gas should continue to be a growth industry in  much of the 
world on the basis of a l l  reaeonable reeource, cost ,  technology, envimn- 
m n t ,  t o t a l  energy demand, and consumer b e n e f i t  c o n s i d e r a t i o n s .  I n  t h e  
Uni ted  S t a t e s ,  t h e  l e a d i n g  producer  and consumer of  n a t u r a l  g a s ,  t h e  
f u t u r e  l o o k s  b r i g h t  a s  w e l l ,  because of t h e  p l e t h o r a  of economical ly 
c o m p e t i t i v e  supplemental  aourcee of  gas .  Moreover, s u b s t i t u t i o n  of  
n a t u r a l  and s y n t h e t i c  gaaes f o r  s t a t i o n a r y  w e e  of l i q u i d  f u e l s  f r e q u e n t l y  
o f f e r s  a l e a s t - c o a t  s t r a t e g y  f o r  maximizing t h e  a v a i l a b i l i t y  of  t r a n s p o r t  
f u e l s ,  t h e  major use f o r  which l i q u d s  have s u p e r i o r  form va lue .  
S e c t i o n s  of  t h i s  paper  were taken  from n P e r a p e c t i v e s  on U.S. and World 
Energy Problame," A p r i l  1980 E d i t i o n  and auba&quent upda tes  of  t h e  d a t a  
c o n t a i n e d  t h e r e i n ,  which a r e  l a r g e l y  t h e  work of  Joseph  D. P a r e n t .  His 
c o n t r i b u t i o n s  a r e  hereby g r a t e f u l l y  acknowledged. Also acknowledged w i t h  
t h a n k s  is  t h e  a s s i s t a n c e  of  George K. Oates i n  t h e  p r e p a r a t i o n  of  t h e  
manuscr ip t  and e x h i b i t s .  
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The e s t i m a t i o n  o f  t h e  economic p o t e n t i a l  o f  g a s  r e s o u r c e s  
i s  one  o f  t h e  most complex and d i f f i c u l t  o f  a l l  r e s o u r c e  e s t i m a t e s .  
The method of  e s t i m a t i o n  used s h o u l d  be chosen b e a r i n g  i n  
mind t h e  p r e c i s e  o b j e c t  o f  t h e  s t u d y .  For  example,  when o p t i -  
mizing t h e  energy economy w i t h  a model which c o n s i d e r s  f u e l  
t r a n s p o r t a t i o n  c o s t s  and consumer e f f e c t s  s e p a r a t e l y ,  an  es t ima-  
t i o n  o f  s p e c i f i c  e x p l o r a t i o n  and p r o d u c t i o n  c o s t s ,  a s  was done 
by S t a n f o r d  Research I n s t i t u t e  ( 1 9 7 7 ) ,  Arsky ( 1 9 7 9 ) ,  and Astakhov 
( 1979) , is r e q u i r e d .  When it is n e c e s s a r y  t o  a s s e s s  t h e  econo- 
mic e f f e c t  of consuming a c e r t a i n  r e s o u r c e  i n  a p a r t i c u l a r  
r e g i o n ,  t o t a l  development ( e x p l o r a t i o n ,  p r o d u c t i o n  and t r a n s -  
p o r t a t i o n )  costs should  be e s t i m a t e d  and,  where a p p r o p r i a t e ,  
r e f i n i n g  c o s t s .  
There  i s  a l s o  t h e  problem of  d e t e r m i n i n g  a r e s o u r c e  v a l u e  
( b e n e f i t )  o r  t h e  economic p o t e n t i a l  o f  r e s o u r c e s ,  i n  a p a r t i c u l a r  
g e o g r a p h i c a l  a r e a .  
The economic p o t e n t i a l  ( v a l u e )  o f  t h e  r e s o u r c e  can be 
e s t i m a t e d  a s  t h e  d i f f e r e n c e  between t h e  s a l e  p r i c e  of  t h e  p r o d u c t  
and i t s  t o t a l  p r o d u c t i o n  and d i s t r i b u t i o n  c o s t s  (Gofman, 1977) .  
The problem is how t o  e s t i m a t e  t h e  r e s o u r c e  v a l u e  and i t s  
development c o s t s .  
The d i s c o u n t i n g  o f  f u t u r e  c o s t s  and b e n e f i t s  i s  wide ly  u s e d ,  
b u t  t h i s  r e p r e s e n t s  an a t t e m p t  t o  e v a l u a t e  t h e  p r e s e n t  r e s o u r c e  
v a l u e .  T h i s  approach is j u s t i f i e d ,  and on  t h e  whole r e a s o n a b l e ,  
o n l y  from t o d a y ' s  p o i n t  of view and o n l y  f o r  t h e  s o l u t i o n  o f  
c u r r e n t  problems of  r e s o u r c e  development.  I t  may be s u i t a b l e  
f o r  such  i m p o r t a n t  t a s k s  a s :  ( a )  t h e  o p t i m i z a t i o n  of t h e  
d e p l e t i o n  t i m e  f o r  a p a r t i c u l a r  f i e l d  ( o r  r e s o u r c e s  i n  a 
p a r t i c u l a r  r e g i o n )  o r  ( b )  an economic comparison o f  t h e  c y c l i n g  
p r o c e s s  used  i n  t h e  development o f  a gas-condensate  f i e l d  w i t h  
f o r c e d  p r o d u c t i o n  o f  g a s  e n t a i l i n g  c o n s i d e r a b l e  l o s s e s  of  g a s  
l i q u i d s .  
However, i n  r e s e a r c h  on long-term f o r e c a s t i n g  ( l i k e  t h e  
IIASA Energy Program) a n o t h e r  approach s h o u l d  b e  a p p l i e d ,  because  
long-term d i s c o u n t i n g  ( u p  t o  50 y e a r s  i n  t h e  IIASA Energy Pro- 
gram, and more than  100 y e a r s  i n  work done by t h e  a u t h o r s '  
r e s e a r c h  group)  l e a d s  t o  meaning less  r e s u l t s :  a c c o r d i n g  t o  such  
e s t i m a t e s  t h e  r e s o u r c e  v a l u e  approaches  z e r o .  T h i s  r e s u l t  
p r o b a b l y  r e f l e c t s  t h e  c u r r e n t  view on r e s o u r c e  development 
economics ,  b u t  from t h e  p o i n t  o f  v iew of  t h e  d i s t a n t  f u t u r e ,  t h e  
energy  p a t t e r n  o f  which w e  a r e  t r y i n g  t o  d e t e r m i n e ,  t h i s  approach 
i s  o b v i o u s l y  n o t  s u i t a b l e .  Economic p o t e n t i a l  e s t i m a t e d  f o r  
long- term p r o s p e c t s  shou ld  be  e v a l u a t e d  w i t h o u t  d i s c o u n t i n g  
f u t u r e  c o s t s  and b e n e f i t s .  
I t  is v e r y  i m p o r t a n t  t o  d e c i d e  how t o  d e t e r m i n e  a  p r o d u c t ' s  
v a l u e  a t  t h e  p o i n t  o f  use .  Only a  few y e a r s  ago  it w a s  d e t e r -  
mined by some a u t h o r s  (Makarov, 1977) on t h e  b a s i s  of "shadow 
p r i c e "  ( m a r g i n a l  c o s t s  of c o a l  t a k i n g  i n t o  a c c o u n t  t h e  
advan tages  o f  g a s  f u e l  consumption and t h e  d i f f e r e n c e  i n  t r a n s -  
p o r t a t i o n  c o s t s ) .  I n  t h e  p a s t  t h i s  approach was r e a s o n a b l e  s i n c e  
i n  t h e  1960s p r i c e s  of n a t u r a l  g a s  d e l i v e r e d  t o  e l e c t r i c i t y  
p l a n t s  i n  many c o u n t r i e s ,  i n c l u d i n g  Western Europe and t h e  USA, 
were de te rmined  l a r g e l y b y t h e  p r i c e  o f  steam c o a l .  With changes 
i n  t h e  energy  s i t u a t i o n  it became c l e a r  t h a t  n a t u r a l  g a s  ( a s  
w e l l  a s  c r u d e  o i l )  and c o a l  a r e  n o t  economica l ly  i n t e r c h a n g e a b l e .  
T h i s  is due t o  t h e  g l o b a l  s c a r c i t y  o f  g a s ,  i t s  h i g h  consumer 
q u a l i t i e s  and e n v i r o n m e n t a l  advan tages .  Now n a t u r a l  g a s  ( a s  
w e l l  a s  c r u d e  o i l )  and c o a l  a r e  i n t e r c h a n g e a b l e  o n l y  th rough  
coa l -based  s y n f u e l  p r o d u c t i o n ;  o n l y  syngas  f rom c o a l  may s u b s t i -  
t u t e  f o r  n a t u r a l  g a s .  
The p r e s e n t  v a l u e  o f  n a t u r a l  g a s  f o r  c o u n t r i e s  p a r t i c i p a t i n g ,  
o r  i n t e n d i n g  t o  p a r t i c i p a t e ,  i n  wor ld  g a s  t r a d e  i s  de te rmined  by 
t h e  l e v e l  o f  new c o n t r a c t  p r i c e s  f o r  g a s  s u p p l i e s .  (Due t o  
v e r y  l a r g e  i n v e s t m e n t s  i n  i n t e r n a t i o n a l  g a s  s u p p l y  p r o j e c t s ,  
c o n t r a c t s  on t h e s e  s u p p l i e s  a r e  s i g n e d  f o r  long  p e r i o d s - - u s u a l l y  
15-20 y e a r s .  T h i s  f a c t  e x p l a i n s  why o l d  c o n t r a c t  p r i c e s  a r e  
c o n s i d e r a b l y  lower  t h a n  new ones  and a r e  n o t  t y p i c a l  d e s p i t e  
p r i c e  e s c a l a t i o n  c l a u s e s  and  p r i c e  c o r r e c t i o n s . )  Accord ing ly ,  
t h e  r e s o u r c e  v a l u e  o f  n a t u r a l  g a s  de te rmined  f o r  t h e  f u t u r e  
s h o u l d  be  e v a l u a t e d  a s  t h e  d i f f e r e n c e  between t h e  f u t u r e  world  
p r i c e  o f  n a t u r a l  g a s  and f u t u r e  c o s t s  o f  r e s o u r c e  development 
and d i s t r i b u t i o n .  
Due t o  i t s  h i g h  consumer q u a l i t i e s ,  i n c l u d i n g  minimum 
e n v i r o n m e n t a l  p o l l u t i o n ,  and because  o f  i t s  s c a r c i t y  ( i n  t h e  USA 
a  c e r t a i n  amount o f  g a s  i s  produced from n a p h t h a ) ,  n a t u r a l  g a s  
p r i c e s  a t  t h e  p o i n t  o f  consumption s h o u l d  n o t  be lower  t h a n  
wor ld  c r u d e  o i l  p r i c e s .  I n  a c t u a l  p r a c t i c e ,  i n  most i n t e r n a -  
t i o n a l  c o n t r a c t s  s i g n e d  r e c e n t l y ,  g a s  p r i c e s  were lower  t h a n  
wor ld  o i l  p r i c e s .  However, t h e  g a p  between c . i . f .  p r i c e s  o f  
n a t u r a l  g a s  and world  o i l  p r i c e s  i s  c l o s i n g .  For  i n s t a n c e ,  
under  t h e  t e rms  of the r e c e n t l y  approved PacIndones ia  d e a l ,  LNG 
from I n d o n e s i a  would r e a l i z e  a  p r i c e  o f  $5.11/Mcf o r  $180/1000 m 3  
i f  s h i p p e d  t o  C a l i f o r n i a  today  ( S e g a l ,  1979) . 
For  e v a l u a t i n g  t h e  g a s - r e s o u r c e  v a l u e  i n  t h e  d i s t a n t  f u t u r e ,  
it i s  i m p o r t a n t  t o  e s t i m a t e  a t  l e a s t  approx imate ly  a  p o s s i b l e  
f u t u r e  g a s  p r i c e .  T h i s  w i l l  mainly be d e t e r m i n e d ,  i n  o u r  o p i n i o n ,  
by t h e  c o s t s  o f  coa l -based  syncrude  and s y n g a s ,  which w i l l  m e e t  
t h e  demand f o r  n a t u r a l  hydrocarbon f u e l s  i n  t h e  t w e n t y - f i r s t  
c e n t u r y ,  and t o  some e x t e n t  by t h e  end o f  t h i s  c e n t u r y .  
S y n f u e l  c o s t s  a r e  ve ry  s e n s i t i v e  t o  t h e  p r i c e  o f  f e e d  c o a l .  
The c o s t  o f  syncrude  o r  syngas  o f  h i g h  c a l o r i f i c  v a l u e  produced 
from r e l a t i v e l y  expens ive  c o a l  ( c a l c u l a t i n g  p e r  1  t o r  1000 m 3  
r e s p e c t i v e l y )  w i l l  d i f f e r  from t h e  c o s t  o f  s y n f u e l  from lower- 
p r i c e d  c o a l  by about  t w i c e  t h e  d i f f e r e n c e  i n  c o a l  p r i c e  p e r  t o n  
o f  c o a l  e q u i v a l e n t .  Hence it is  c l e a r  t h a t  l a r g e - s c a l e  syncrude  
p r o d u c t i o n  f o r  e x p o r t s  h a s  good p r o s p e c t s  i n  c o u n t r i e s  r i c h  i n  
cheap c o a l .  
A s  was shown by Astakhov (1 979) , very  l a r g e  r e s o u r c e s  of  
cheap c o a l  a r e  c o n c e n t r a t e d  i n  a  few c o u n t r i e s ,  mainly i n  t h e  
USSR, China and t h e  USA, and,  t o  a  s m a l l e r  e x t e n t , i n  A u s t r a l i a .  
Taking i n t o  account  t h i s  c o n c e n t r a t i o n  and t h e  e x t e n s i v e  env i ron-  
mental  p o l l u t i o n  a t  t h e  s i t e  of  p r o d u c t i o n ,  it seems d o u b t f u l  
t h a t  t h e r e  w i l l  be l a r g e - s c a l e  e x p o r t  o f  coal-based syncrude  
w i t h o u t  d i f f e r e n t i a l  c o s t s .  
A t  t h e  i n i t i a l  S t a g e  o f  i n d u s t r i a l  development ,  world  
o i l  p r i c e s  w i l l  e n s u r e  p r o f i t a b i l i t y  of s y n f u e l  p r o d u c t i o n  o n l y  
from cheap c o a l  and t h e r e  w i l l  b e  no d i f f e r e n t i a l  c o s t s .  A t  t h i s  
s t a g e ,  e x t e n s i v e  f o r e i g n  t r a d e  i n  s y n f u e l  from c o a l  i s  c l e a r l y  
improbable .  
However, world  o i l  p r i c e s  a r e  c e r t a i n  t o  i n c r e a s e ,  p a r t l y  
because  o n l y  a  compara t ive ly  s m a l l  p a r t  of t o t a l  unconvent iona l  
pe t ro leum r e s o u r c e s  may b e  deve loped  a t  r e l a t i v e l y  low c o s t s  
( i . e . ,  a t  o r  s l i g h t l y  below coa l -based  syncrude  c o s t s ) ,  and 
t h e s e  compara t ive ly  cheap r e s o u r c e s  a r e  l o c a t e d  i n  a  few 
c o u n t r i e s  (Arsky, 1979) . 
World o i l  p r i c e s  may be expec ted  t o  s t a b i l i z e  i n  t h e  d i s t a n t  
f u t u r e  o n l y  a t  c o s t s  r e l a t i v e  t o  syncrude  from c o a l ,  which a r e  
marg ina l  i n  t e rms  of  t h e  world energy  economy. A t  t h e  beg inn ing  
of  t h e  t w e n t y - f i r s t  c e n t u r y  t h e s e  marg ina l  c o a l  c o s t s  ( t a k i n g  
i n t o  a c c o u n t  f u t u r e  t r a n s p o r t a t i o n  c o s t s  f o r  impor ted  c o a l )  i n  
Western Europe and Japan  a r e  l i k e l y  t o  be a t  l e a s t  $ 5 0 / t  of c o a l  
e q u i v a l e n t  i n  1979 d o l l a r s .  C u r r e n t l y  c o a l  p r i c e s  i n  Western 
Europe and Japan a r e  c o n s i d e r a b l y  h i g h e r ,  though r e l a t i v e l y  
cheap c o a l  r e s o u r c e s  a r e  s t i l l  a v a i l a b l e  i n  t h e  Uni ted Kingdom 
and Western Germany (Astakhov,  1979) . Coal p r i c e s  a r e  h i g h  
because  wor ld  p r o d u c t i o n  has  n o t  y e t  responded t o  t h e  r a p i d  rise 
i n  world  o i l  and o t h e r  energy r e s o u r c e  p r i c e s  i n  1973-74 and 
a g a i n  i n  1979. I n  t h e  f u t u r e  a  c e r t a i n  d e c l i n e  o f  world  c o a l  
p r i c e s  ( i n  c o n s t a n t  d o l l a r s )  can be a n t i c i p a t e d .  
In  t h e  remote f u t u r e  t h e  world coa l -based  syncrude  p r i c e - - t a k i n g  
i n t o  a c c o u n t  world  marg ina l  c o a l  c o s t s  and t h e  i n c r e a s e  of 
env i ronmenta l  and water-supply c o s t s - - w i l l  n o t  be  lower  t h a n  
$280-330/t o r  $40-45/bbl ( i n  1979 d o l l a r s ) .  
The a n a l y s i s  of d a t a  g i v e n  i n  a  p r e v i o u s  p a p e r  (Arsky,  19791, 
shows t h a t  t h e  c o s t  p a t t e r n  of c o n v e n t i o n a l  g a s  r e s o u r c e s  i s  
much b e t t e r  t h a n  t h a t  of o i l  r e s o u r c e s ,  p a r t i c u l a r l y  when t h e  
l a t t e r  i n c l u d e  r e s o u r c e s  t e c h n i c a l l y  r e c o v e r a b l e  i n  t h e  d i s t a n t  
f u t u r e  by EOR methods. Comparat ively cheap g a s  r e s o u r c e s ,  w i t h  
e x p l o r a t i o n  and p r o d u c t i o n  c o s t s  a t  $ 9 0 / t  o f  o i l  e q u i v a l e n t  and 
lower  ( i n  1976 d o l l a r s ;  i n c l u d i n g  a  15% r a t e  of  r e t u r n ,  b u t  
w i t h o u t  t a x e s ,  r o y a l t y  o r  any o t h e r  k i n d s  of c o s t s ) ,  make up 
70-805 of  t o t a l  known and undiscovered  g a s  r e s o u r c e s  of t h e  main 
p roduc ing  r e g i o n s ,  even i f  t h e  cheap r q s o u r c e s  i n  deve lop ing  
c o u n t r i e s  a r e  n o t  t a k e n  i n t o  a c c o u n t .  I n  t h e  c a s e  o f  c r u d e  o i l ,  
such r e l a t i v e l y  cheap r e s o u r c e s  account  f o r  s u b s t a n t i a l l y  less 
t h a n  one  h a l f  of t o t a l  t e c h n i c a l l y - r e c o v e r a b l e  r e s o u r c e s .  
Thus i n  f r o n t i e r  a r e a s ,  a  s u b s t a n t i a l  p a r t  of  o i l  r e s o u r c e s  
t e c h n i c a l l y  r e c o v e r a b l e  by new EOR methods may a p p e a r  economica l ly  
u n a t t r a c t i v e  even a t  a  p r i c e  of $280 / t  i n  1979 d o l l a r s ,  though 
t r a n s p o r t a t i o n  c o s t s  a r e  o f  l i t t l e  impor tance  t o  t h e  consumer when 
c r u d e  o i l  p r i c e s  a r e  s o  h i g h .  
T r a n s p o r t a t i o n  c o s t s  a r e  o f  g r e a t  impor tance  f o r  t h e  econo- 
mics  of  g a s  r e s o u r c e  development ,  e s p e c i a l l y  f o r  t h e  development 
o f  t h e  remote  A r c t i c  r e s o u r c e s  and f o r  r e s o u r c e s  which a r e  
s h i p p e d  o v e r  l o n g  d i s t a n c e s .  For  example,  LNG d e l i v e r y  c o s t s  
( i n c l u d i n g  l i q u e f a c t i o n  c o s t s )  from t h e  P e r s i a n  Gulf t o  t h e  US 
A t l a n t i c  s e a b o a r d  v i a  t h e  Suez C a n a l ,  a m o u n t t o  a s  much a s  
$90/1000 m 3  i n  1976 d o l l a r s  (Mossadeghi,  1977) o r  approx imate ly  
$140-150/1000 m 3  i n  1979 d o l l a r s .  Due t o  h i g h  t r a n s p o r t a t i o n  
c o s t s  f . 0 . b .  p r i c e s  a r e  u n s a t i s f a c t o r i l y  low from t h e  p roduc ing  
c o u n t r i e s '  p o i n t  of  view. Under p r e s e n t  economic c o n d i t i o n s ,  
t h e  economic p o t e n t i a l  o f  t h e  P e r s i a n  Gulf g a s  r e s o u r c e s  i s  
many t i m e s  lower  t h a n  t h a t  o f  t h e  o i l  r e s o u r c e s .  
I n  t h e  long  t e rm,  t h e  growth o f  n a t u r a l  g a s  c . i . f .  p r i c e  
and t h e  d e c r e a s e  o f  LNG d e l i v e r y  c o s t s  due t o  t e c h n i c a l  advances  
( t r a n s p o r t a t i o n  of  LNG i n  a  300000 m 3  v e s s e l  w i l l  be  around 
30-40% c h e a p e r  t h a n  i n  a  125000 m' v e s s e l  (Anon, 1979a) ) w i l l  
r a i s e  t h e  economic p o t e n t i a l  o f  t h e  P e r s i a n  Gulf g a s  r e s o u r c e s  
and promote t h e i r  development.  
The c o s t  of  g a s  d e l i v e r e d  by l o n g - d i s t a n c e  p i p e l i n e s  from 
t h e  A r c t i c  i s  of  t h e  same o r d e r  a s  t h e  c o s t  o f  LNG sh ipped  o v e r  
l a r g e  d i s t a n c e s .  T o t a l  i n v e s t m e n t s  i n  t h e  Alaska  Highway Gas 
L ine  w i t h  a  c a p a c i t y  of 34 b i l l i o n  m'/year amounts t o  $10 b i l l i o n  
i n  1975 d o l l a r s  (Anon, 1978a) and i n v e s t m e n t s  p e r  1000 m3/year  
a r e  a b o u t  $300. The c o s t s  ( t a k i n g  25% of  s p e c i f i c  i n v e s t m e n t s :  
a  r a t e  of r e t u r n  of  IS%,  d e p r e c i a t i o n  a t  US, and f u e l  c o s t s ,  wages,  
and o t h e r  o p e r a t i n g  c o s t s  a t  6 % )  a r e  a b o u t  $70/1000 m 3  i n  1975 
d o l l a r s ,  o r  a b o u t  $120/1000 m 3  i n  1979 d o l l a r s .  
One o f  t h e  key f a c t o r s  d e t e r m i n i n g  t h e  g a s  r e s o u r c e  v a l u e  
of t h e  n o r t h e r n  a r e a s  of  Western S i b e r i a  is  t h e  economic 
v i a b i l i t y  o f  g a s  e x p o r t s  t o  Western Europe,  b u t  t h i s  is  
d i f f i c u l t  t o  a s s e s s .  
I n  t h i s  case t h e  r e s o u r c e  v a l u e  shou ld  n o t  b e  e s t i m a t e d  
a s  a  d i f f e r e n t i a l  between e x p o r t  p r i c e s  and t o t a l  c o s t s ,  
de te rmined  on t h e  b a s i s  of  t y p i c a l  d a t a  p u b l i s h e d  i n  t h e  USSR 
t h e n  c o n v e r t e d  i n t o  f o r e i g n  c u r r e n c i e s  a c c o r d i n g  t o  t h e  o f f i c i a l  
r a t e  o f  exchange.  The p u b l i s h e d  c o s t  d a t a  r e f l e c t  a  s p e c i f i c  
p r i c i n g  p o l i c y  w i t h i n  t h e  c o u n t r y  and t h e  f a c t  t h a t  d o m e s t i c  
w h o l e s a l e  p r i c e s  o f  p i p e s ,  compressors  and o t h e r  equipment  i n  
t h e  USSR a r e  s e v e r a l  t i m e s  lower  t h a n  t h e i r  world  p r i c e s .  I t  
s h o u l d  a l s o  be  k e p t  i n  mind t h a t  p i p e s  and equipment  a r e  u s u a l l y  
impor ted  f o r  t h e  c o n s t r u c t i o n  of  e x p o r t - o r i e n t e d  c a p a c i t y ,  s i n c e  
d o m e s t i c  p i p e s  and equipment  a r e  needed f o r  new u n i t s  t o  m e e t  
d o m e s t i c  g a s  demand. S i n c e  impor ted  p i p e s  and equipment  a r e  
o b t a i n e d  a t  world  p r i c e s  and r e p r e s e n t  o v e r  h a l f  t h e  t o t a l  
i n v e s t m e n t ,  t h e  c o s t  o f  g a s  t r a n s p o r t a t i o n  from n o r t h e r n  p a r t s  
of  Western S i b e r i a  t o  t h e  c o u n t r i e s  of Western Europe i s  c l o s e  
t o  t h a t  o f  g a s  p i p e d  from Nor the rn  Alaska  t o  t h e  48 lower  S t a t e s  
of  t h e  USA, t a k i n g  i n t o  a c c o u n t  t h e  d i f f e r e n c e  between t h e  
t o t a l  l e n g t h s  of b o t h  p i p e l i n e s  and o f  t h o s e  p a r t s  which c r o s s  
p e r m a f r o s t  t e r r a i n .  Determined i n  t h i s  way, s p e c i f i c  c o s t s  
of g a s  p i p e d  from t h e  n o r t h e r n  p a r t s  o f  Western S i b e r i a  t o  
Western Europe exceed $90/7000 m 3 .  
Gas t r a n s p o r t a t i o n  from t h e  Canadian a r c t i c  a r c h i p e l a g o  w i l l  
b e  much more expens ive  t h a n  t r a n s p o r t a t i o n  from Nor the rn  Alaska.  
When e x p l o r a t i o n  and  p r o d u c t i o n  c o s t s ,  which a r e  a l s o  h i g h e r  
i n  t h e  Canadian a r c t i c  s h e l f ,  a r e  added ,  t o t a l  c o s t s  f o r  t h e  
l e s s  f a v o r a b l e  p a r t  o f  t h e  r e s e r v e s  ( i . e . ,  f o r  r e l a t i v e l y  s m a l l  
f i e l d s )  may b e  even h i g h e r  t h a n  t h e  f u t u r e  wor ld  g a s  p r i c e  
($250-280/1000 m '  i n  1979 d o l l a r s  o r  more ) .  Hence, t h e s e  
r e s o u r c e s  w i l l  be o f  no economic v a l u e  even i n  t h e  remote  f u t u r e ,  
b u t  t h e i r  c o n t r i b u t i o n  t o  g l o b a l  g a s  r e s o u r c e s  i s  c o m p a r a t i v e l y  
s m a l l .  
Thus a t  p r i c e s  which w e  c o n s i d e r  t h e  most p r o b a b l e  i n  t h e  
d i s t a n t  f u t u r e  ($250-280/1000 m 3  i n  1979 d o l l a r s  o r  h i g h e r )  , 
a l m o s t  a l l  c o n v e n t i o n a l  gas  r e s o u r c e s  may b e  p r o f i t a b l y  deve loped .  
I n  a s s e s s i n g  t h e  g a s  i n d u s t r y ' s  r e s o u r c e  b a s e ,  t h e  u n c e r t a i n t y  
o f  economic e s t i m a t e s  o f  unconven t iona l  g a s  r e s o u r c e s  ( c o a l  
seams, Devonian s h a l e ,  t i g h t  f o r m a t i o n s ,  g e o p r e s s u r e d  methane,  
g a s  h y d r a t e )  i s  ex t remely  h i g h ;  much h i g h e r  t h a n  f o r  unconven- 
t i o n a l  c r u d e  o i l  r e s o u r c e s .  
The f i r s t  a s sessment  of development  c o s t s  o f  unconven t iona l  
g a s  r e s o u r c e s  h a s  been p u b l i s h e d  r e c e n t l y  by t h e  American G a s  
Research I n s t i t u t e  ( G R I )  and i s  based  on d a t a  p r o v i d e d  by t h e  
US Department o f  Energy. The e s t i m a t e  seems a t t r a c t i v e  a s  i t  
compr i ses  a l l  t h e  main u n c o n v e n t i o n a l  g a s  r e s o u r c e s ,  e x c e p t  f o r  
g a s  h y d r a t e ,  i n  t h e  USA d i f f e r e n t i a t e d  a c c o r d i n g  t o  p r o d u c t i o n  
c o s t s .  
U n f o r t u n a t e l y ,  we have been unab le  t o  d e t e r m i n e  from pub- 
l i s h e d  a r t i c l e s  (Anon, 1978b,1979b) what d o l l a r s  were  used  i n  
making t h e  e s t i m a t e s .  I f  la te  1970s d o l l a r s  a r e  u s e d ,  which 
i s  most l i k e l y ,  t h e  e s t i m a t e s  seem t o  b e  t o o  o p t i m i s t i c .  Data 
c a s t i n g  doubt  on t h e  GRI e s t i m a t e s  have been p u b l i s h e d ,  e spe-  
c i a l l y  c o n c e r n i n g  g e o p r e s s u r e d  g a s  r e s o u r c e s .  According t o  
GRI, 4 t r i l l i o n  m 3  may b e  e x t r a c t e d  a t  c o s t s  up t o  $140/1000 m 3  
o r  $4/Mcf and p r a c t i c a l l y  a l l  economica l ly  r e c o v e r a b l e  r e s o u r c e s  
(11 t r i l l i o n  m" a t  c o s t s  up t o  $210/1000 m 3  o r  $6/Mcf. 
However, a v a i l a b l e  i n f o r m a t i o n  does  n o t  c o n f i r m  GRI 's  
e s t i m a t e s  and g i v e s  ground f o r  c r i t i c i s m .  Doscher ,  e t  a l .  
(1979)  have shown t h a t  even wi th  f a v o r a b l e  assumpt ions  abou t  t h e  
s i z e  o f  g e o p r e s s u r e d  g a s  r e s e r v o i r ,  p o r o s i t y ,  g a s / w a t e r  r a t i o ,  
p r o d u c t i o n  r a t e s  and s t a b i l i t y ,  t h e  s e l l i n g  c o s t s  of methane 
r e c o v e r a b l e  from g e o p r e s s u r e d  b r i n e s ,  b e f o r e  f e d e r a l  income 
t a x e s  and w i t h  a  15% r a t e  o f  r e t u r n ,  would range  from $140 t o  
$525/1000 m 3  ($4-15/Mcf).  They conc luded  t h a t  c o n s i d e r a b l e  
q u a n t i t i e s  of g e o p r e s s u r e d  g a s  w i l l  n o t  b e  a v a i l a b l e  i n  t h e  
USA a t  l e s s  t h a n  $350/1000 m 3  ($70/Mcf).  R e c e n t l y ,  Zinn (1979)  
r e p o r t e d  h i s  r e s u l t s  showing t h a t  D o s c h e r ' s  a s s e s s m e n t s  were  
n o t  o v e r e s t i m a t e d .  According t o  Doscher ,  a t  a  b r i n e  p r o d u c t i o n  
r a t e  o f  4000 m v d a y  t h e  s e l l i n g  p r i c e  of g e o p r e s s u r e d  g a s  w i l l  
b e  around $140/1000 m 3  ($4/Mcf) .  
Zinn (1979)  r e p o r t e d  t h a t  the c o s t  ( w i t h  a  15% r a t e  o f  
r e t u r n ,  48% f e d e r a l  t a x  and  12.5% r o y a l t y )  o f  g a s  r e s o u r c e  
development  and u t i l i z a t i o n  o f  h o t  b r i n e  h e a t  i n  t h e  most 
l i k e l y  fa i rway  of t h e  F r i o  fo rmat ion  ( t h e  B r a z o r i a  f a i r w a y )  would 
exceed $140-175/1000 m 3  ($4-5/Mcf).  However, he assumes a  
p r o d u c t i o n  r a t e  n o t  o f  4000 m3/day, a s  Doscher assumed, b u t  of  
6400 m3/day. The b r i n e  p roduc t ion  r a t e s  of o t h e r  f a i r w a y s  i n  
t h e  most e x p l o r e d  F r i o  fo rmat ion  (Texas)  a r e  expec ted  t o  b e  much 
lower .  
Thus, t h e  development of o n l y  a  s m a l l  p a r t  o f  t h e  t e c h n i -  
c a l l y - r e c o v e r a b l e  g e o p r e s s u r e d  g a s  r e s o u r c e s  w i l l  be economica l ly  
j u s t i f i e d  even a t  h i g h e r  world  o i l  and g a s  p r i c e s .  The econo- 
m i c a l l y - r e c o v e r a b l e  p a r t  of o t h e r  unconvent iona l  g a s  r e s o u r c e s  
( c o a l  seams, Devonian s h a l e  and t i g h t  f o r m a t i o n s )  w i l l  probab ly  
be much l a r g e r  t h a n  t h a t  o f  g e o p r e s s u r e d  r e s o u r c e s .  The deve l -  
opment o f  t h e  gas  h y d r a t e  r e s o u r c e s  of t h e  ocean f l o o r  i s  most 
p r o b l e m a t i c ,  a s  n o t  o n l y  t h e  d a t a  concern ing  t h e  economics o f  
p r o d u c t i o n ,  b u t  a l s o  c l e a r  i d e a s  a b o u t  t h e  t echnology  of 
t h e i r  development a r e  u n a v a i l a b l e .  The economlc p o t e n t i a l  o f  
unconvent iona l  g a s  r e s o u r c e s  i s  compara t ive ly  s m a l l  on t h e  whole.  
Unl ike unconvent iona l  c rude  o i l  r e s o u r c e s  (heavy o i l ,  
b i tuminous  sands  and s h a l e  o i l ) ,  unconvent iona l  g a s  r e s o u r c e s  
w i l l  n o t  p l a y  an i m p o r t a n t  r o l e  i n  world  energy  supply  even i n  
t h e  d i s t a n t  f u t u r e ,  a l t h o u g h  they  may b e  s i g n i f i c a n t  f o r  l o c a l  
gas  s u p p l i e s .  
CONCLUSIONS 
Only a  few y e a r s  ago t h e  economic v a l u e  of n a t u r a l  g a s  
was de te rmined  by some a u t h o r s  on t h e  b a s i s  o f  m a r g i n a l  c o a l  
c o s t s .  With t h e  changes i n  t h e  energy  s i t u a t i o n  it became c l e a r  
t h a t  t h i s  was u n a c c e p t a b l e  s i n c e  t h e  p a r t i c u l a r  q u a l i t i e s  of 
n a t u r a l  g a s  can be matched o n l y  by coal-based syngas .  The 
v a l u e  o f  g a s  r e s o u r c e s  should  be a s s e s s e d  a s  t h e  d i f f e r e n c e  
between t o t a l  c o s t s  and world gas  p r i c e s .  I n  t h e  long  run  
b o t h  world p r i c e s  and t h e  economic p o t e n t i a l  w i l l  be determined 
by c o s t s  of  syngas p r o d u c t i o n .  P r e l i m i n a r y  e s t i m a t e s  show t h a t  
i n  t h e  f o r e s e e a b l e  f u t u r e ,  development o f  a lmos t  a l l  o f  t h e  
t e c h n i c a l l y - r e c o v e r a b l e  c o n v e n t i o n a l  g a s  r e s o u r c e s  is  econo- 
m i c a l l y  j u s t i f i e d ,  u n l i k e  c o n v e n t i o n a l  o i l  r e s o u r c e s ,  a  con- 
s i d e r a b l e  p a r t  o f  which w i l l  n o t  b e  economica l ly  r e c o v e r a b l e .  
However, f o r  unconvent iona l  o i l  and g a s  r e s o u r c e s ,  t h e  s i t u a t i o n  
i s  r e v e r s e d .  
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N a t u r a l  gas  can p l ay  a  c r i t i c a l l y  impor t an t  r o l e  i n  t h e  
energy sys tems  cf IE.4 c o u n t r i e s  ove r  t h e  nex t  two decades ,  a s  a  
r e l a t i v e l y  e a s i l y  a c c e s s i b l e  2nd c l e a n  bu rn ing  f u e l  t h a t  can 
s u b s t i t u t e  f o r  l i m i t e d  s u p p l i e s  of o i l  i n  nacy u s e s .  1Je a r e  
c u r r e n z l y  p r e p a r i n g  an I E A  s t u d y  oq N a t u r a l  Gas P r o s p e t t s  t o  
2000 -- s h i c h  w i l l  be pub l i shed  i n  e a r l y  1961,  and t h i s  
p r e s e n t a t i o n  r e p o r t s  some of our  p r e l i m i n a r y  f i n d i n g s  and 
i n d i c a t e s  some of t he  i s s u e s  t h a t  we t h i n k  w i l l  5eczne  
i n c r e a s i n g l y  impor t an t .  Many of t h e  s p e c i f i c s  w i l l  be covered 
by o t h e r s  i n  t he  cou r se  of  t h i s  Confe rence ,  and i n  some d e t a i l ,  
s o  t h e s e  remarks w i l l  be r a t h e r  g z n e r a l  and t r y  t o  g i v e  you a  
s e n s e  of t he  o v e r a l l  framework t h a t  we s e e  emerg ing .  To 
summarise our  c o n c l u s i o n s  in  one s e n t e n c e :  we f e e l  t n t t  z a : ~ r a l  
gas  p r o s p z c t s  a r e  very  e n c o u r a g i n g ,  bu t  t h a t  a  nucbcr  of  very  
d i f f i c u l t  i s s u e s  a r e  go ing  t o  have t o  be add re s sed  s q u a r e l y  and 
r e s o l v e d ,  i f  t h e  p o t e n t i a l  of n a t u r a l  ga s  is t o  be ach i eved .  
The p o t e n t i a l  r o l e  of n a t u r a l  ga s  must be cons ide red  i n  
t he  c o n t e x t  o f  t he  o v e r a l l  energy  s i t u a t i o n  and g e n e r a i  economic 
c o n d i t i o n s .  We would t h e r e f o r e  l i k e  t o  rev iew b r i e f l y  how we 
s e e  c u r r e n t  energy p r o s p e c t s  b e f o r e  l ook ing  more s p e c i f i c a l l y  a t  
t h e  n a t u r a l  gas  s i t u a t i o n .  
The world energy  s i t u a t i o n  has  changed d r a m a t i c a l l y  over  
t h e  l a s t  e i g h t e e n  months. 
The o i l  market t i g h t e n e d  s h a r p l y  in  e a r l y  1979,  due t o  t h e  
temporary c e s s a t i o n  of I r a n i a n  product  i on .  But t h e  c o n s i d e r a b l e  
p o l i t i c a l  u n c e r t a i n t y  r e s u l t i n g  from t h e  I r a n i a n  r e v o l u t i o n ,  
coupled  wi th  heavy s t o c k b u i l d i n g  in  t h e  second h a l f ,  ma in t a ined  
p r e s s u r e  on  p r i c e  th roughout  t h e  y e a r ,  even i n  t h e  f a c e  of 
r e c o r d  l e v e l s  of OPEC o i l  p r o d u c t i o n .  P r i c e s  more than doubled 
i n  t h e  c o u r s e  of 1979. P r i c e  p r e s s u r e s  have con t inued  through 
t h e  f i r s t  h a l f  of  1980 a s  w e l l ,  d e s p i t e  f a l l i n g  o i l  demand, and 
a s  of J u l y  1 p r i c e s  a r e  s chedu led  t o  i n c r e a s e  a g a i n .  T h i s  w i l l  
t a k e  them t o  a  l e v e l  about  150% h i g h e r  t han  t hey  were e i g h t e e n  
months ago.  
The economic i m p l i c a t i o n s  of  t h e s e  p r i c e  i n c r e a s e s  f o r  t h e  
i n d u s t r  i a l i s e d  c o u n t r i e s  and f o r  t h e  world w i l l  be s e r i o u s .  
I n f l a t i o n a r y  p r e s s u r e s  a r e  i n c r e a s i n g ;  and growth w i  11 c o n t i n u e  
t o  s low.  The d i r e c t  and i n d i r e c t  e f f e c t s  of  t h e  p r i c e  i n c r e a s e s  
w i l l  be t o  reduce  GNP i n  t h e  OECD r e g i o n  by more t h a c  $400 
, . . .  . 
o i , ~ ~ o n  ( o r  5 3  i n  L Y ~ C I .  The d i r e c t  t i a n s f e r  from 3 E G  
c o u n t r i e s  t o  o i l  p roducing  c o u n t r i e s  w i l l  be over  $150 b i l l i o n .  
Es t ima te s  of t he  OPEC s u r p l u s  f o r  1980 a r e  in  t ho  range  of 
$115-120 b i l l i o n ,  w i t h  a lmos t  t w o - t h i r d s  of  t h i s  r e f l e c t e d  i n  
d e f i c i t s  of t h e  o i l - i m p o r t i n g  deve lop ing  c o u n t r i e s .  These 
c o u n t r i e s  w i l l  f a c e  a  mass ive  f i n a n c i n g  c h a l l e n g e  t h a t  ha s  t h e  
p o t e n t i a l ,  i f  no t  add re s sed  c o o p e r a t i v e l y  and constructively, t o  
r e s u l t  i n  immense human t r a g e d y .  
The energy i m p l i c a t i o n s  of wha t  has  r e c e n t l y  happened a r e  
a l s o  s e r i o u s .  Both t h e  h ighe r  l e v e l s  of  o i l  p r i c e s  and t h e  
p o l i t i c a l  e v e n t s  of t h e  p a s t  yea r  have had a  s i g n i f i c a n t  impact 
on t h e  a t t i t u d e s  of o i l  -producing c o u n t r i e s  about  d e s i r a b l e  
l e v e l s  of o i l  p r o d u c t i o n .  I t  is  becoming i n c r e a s i n g l y  c l e a r  
t h a t  p roduc t ion  w i l l  be managed much more c o n s e r v a t i v e l y .  The 
world o i l  ma rke t ,  f o r  t h e  f o r e s e e a b l e  f u t u r e ,  w i l l  c o n t i n u e  t o  
be r e l a t i v e l y  t i g h t  and w i l l  be c h a r a c t e r i s e d  by he igh t ened  
p o l i t i c a l  u n c e r t a i n t y .  
I t  is a g a i n s t  t h i s  g e n e r a l  background t h a t  we w i s h  t o  d e a l  
f i r s t  wi th  t h e  o v e r a l l  energy  o u t l o o k ;  second wi th  an a n a l y s i s  
o f  t h e  r o l e  of n a t u r a l  gas  by IEA-region and t h e  import  
o p p o r t u n i t i e s ;  and f i n a l l y  w i t h  some g e n e r a l  i s s u e s  i n  t h e  
n a t u r a l  g a s  p i c t u r e  t h a t  r e q u i r e  f u r t h e r  c o n s i d e r a t i o n .  
11. IEA ENERGY OUTLOOK 
T h e  S e c r e t a r i a t  i s  now w o r k i n g  on OECD's World E n e r g y  
O u t l o o k - I 1  which  w i l l  u p d a t e  t h e  World Ene rgy  O u t l o o k  p u b l i s h e d  
i n  1 9 7 7 .  T h i s  r e p o r t ,  wh ich  w i l l  b e  p u b l i s h e d  t o w a r d s  y e a r - e n d ,  
w i l l  i n c l u d e  p r o j e c t i o n s  o f  w o r l d  e n e r g y  s u p p l y  and demand t o  
t h e  y e a r  2000.  
A t  t h e  moment,  h o w e v e r ,  o u r  m o s t  r e c e n t  o u t l o o k  is b a s e d  
upon t h e  e n e r g y  f o r e c a s t s  o f  Member c o u n t r i e s ,  a d j u s t e d  by t h e  
S c r r s t a ~ i a L  L o  t a k e  i n c u  a c c o u n t  r e d u c e d  e n e r g y  demtind d u e  t o  
h i g h e r  o i l  p r i c e s  and e x p e c t a t i o n s  o f  l ower  economic  g r o u t h .  
Assuming a n  economic  g r o w t h  r a t e  on  t h e  o r d e r  o f  3% t o  3 . 5 %  o v e r  
t h e  1 9 8 0 s ,  and t a k i n g  i n r o  a c c o u n t  t h e  p r i c e  i n c r e a s e s  s i n c e  
e n d - 1 9 7 8 ,  we a r r i v e  a t  a n  e n e r g y  r e q u i r e m e n t  i n  1 9 5 0  iqhich i s  
252  h i g h e r  t h a n  t h a t  o f  1978  ( F i g u r e  1 ) .  T h i s  r e p r s s e n c s  an  
a v e r a g e  e n e r g y  demand g r o w t h  o f  2% p e r  annum. The d s t ~ i l e d  
a s s u m p t i o n s  u n d e r l y i n g  t h e s e  p r o j e c t i o n s  a r e  r e c o r d e d  i n  t h e  
Review o f  IEA C o u n t r i e s '  Ene rgy  P o l i c i e s  and P r o g r a n m e s *  and 
w i l l  n o t  b e  r e p e a t e d  h e r e .  The  e s t i m a t e d  1990  IEA e n e r g y  
r e q u i r e m e n t  o f  4535 Mtoe is  a b o u t  20 p e r  c e n t  l ower  t h a n  t h e  
I E A ' s  own f o r e c a s t  o f  two o r  t h r e e  y e a r s  a g o  and r e f l e c t s  
p r o j e c t e d  economic  and  e n e r g y  g r o w t h  v e r y  much lower  t h a n  
h i s t o r i c a l  t r e n d  l e v e l s .  I n d e e d ,  t h e  i m p l i e d  TPEIGDP e l a s t i c i c y  
i n  t h i s  s c e n a r i o  i s  0 . 6  o v e r  t h e  1980-90 d e c a d e .  
T h e r e  a r e  two r e l e v a n t  q u e s t i o n s  r e l a t e d  t o  t h i s  
s c e n a r i o .  F i r s t ,  c a n  t h e  e n e r g y  demand g r o w t h  p r o j e c t e d  b e  met 
w i t h o u t  i n c r e a s i n g  o i l  i m p o r t s ,  a s  F i g u r e  1 s u g g e s t s ?  S e c o n d ,  
even  i f  i t  c a n ,  is t h i s  l i k e l y  t o  b e  good enough  g i v e n  t h e  
i n c r e a s  i n g l y  t i g h t e n i n g  o i l  s i t u a t i o n  w e  f o r e s e e  t h r o u g h  t h e  
1 9 8 0 s ?  
* S e e  Ener,ev P o l i c i e s  and Proeramines o f  IEA C o u n t r i e s ,  1979  
Review.  OECD, Hay 1986 .  
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F i g u r e  2 ,  which shows how t h e  IEA S e c r e t a r i a t  e x p e c t s  
i nc remen ta l  demand t o  be s a t i s f i e d  in t h e  1978-90 per iod  
compared wi th  t h e  p rev ious  12 year  p e r i o d ,  g i v e s  a  p a r t i a l  
answer t o  t h e  f i r s t  q u e s t i o n .  Between 1966 and 1978,  energy 
demand inc reased  by 1130 Mtoe; 45 per c e n t  came from IEA 
p roduc t ion  and 55 per  c e n t  from energy i m p a r t s ,  n e a r l y  a l l  of 
which was o i l .  From 1978-85, i t  is expected  t h a t  ind igenous  
p roduc t ion  w i l l  account  f o r  80% of i nc remen ta l  energy  r e q u i r e d ,  
and of t h e  20% imported most w i l l  be n a t u r a l  ga s  and c o a l .  
C o a l ' s  i n c r e a s i n g  r o l e  is conspicuous .  Every year  s i n c e  
1977,  Member c o u n t r i e s  have i n c r e a s e d  t h e i r  p r o j e c t  i o n s  f o r  1990 
c o a l  p roduc t ion  and use .  I n  May 1979 IEA M i n i s t e r s  adopted a  
s e t  of P r i n c i p l e s  fo r  IEA a c t i o n  on c o a l  t o  h e l p  promote 
s u b s t a n t i a l  expans ion  of c o a l  u s e ,  p roduc t ion  and t r a d e ,  and i t  
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is now w i d e l y  a c c e p t e d  t h a t  c o a l  w i l l  be  used  more e x t e n s i v e l y  
i n  t h e  f u t u r e .  The a t t r a c t i v e n e s s  o f  i n c r e a s e d  r e l i a n c e  on c o a l  
h a s  been enhanced by marke t  d e v e l o p m e n t s  and i n c r e a s e d  c o n c e r n  
abou t  t h e  a v a i l a b i l i t y  of  o i l  and n u c l e a r  power.  C o u n t r i e s '  
p r o j e c t i o n s  f o r  1990 were  more t h a n  100 Mtoe above  t h e  shown 
i n c r e a s e .  We have  a d j u s t e d  i t  downward, n o t  b e c a u s e  t h e  
p o t e n t i a l  i s n ' t  t h e r e  -- i n  f a c t  we b e l i e v e  i t  c o u l d  b e  even 
g r e a t e r  -- b u t  b e c a u s e  we do n o t  y e t  s e e  t h e  p o l i c i e s  c l e a r l y  i n  
p l a c e  t h a t  w i l l  a l l o w  t h a t  p o t e n t i a l  t o  b e  a c h i e v e d .  A d d i t i o n a l  
a c t i o n  is r e q u i r e d  t o :  
- e n s u r e  t h a t  government  p o l i c i e s  and a d m i n i s t r a t i v e  
m e a s u r e s  s t r o n g l y  s u p p o r t  t h e  s h i f t  t o  c o a l  i n  
e l e c t r i c i t y  g e n e r a t i o n  and i n d u s t r y ;  
- remove b o t t l e n e c k s  i n  n a t i o n a l  and i n t e r n a t i o n a l  c o a l  
t r a n s p o r t  s y s t e m s ;  and 
- s h o r t e n  l e a d  t i m e s  i n  g e t t i n g  p r o j e c t s  a p p r o v e d ,  
f i n a n c e d  and c o n s t r u c t e d .  
The Agency set up 3 C o a l  I n d u s t r y  A d v i s o r y  Board e a r l y  
t h i s  y e a r  t o  draw up a  b l u e p r i n t  f o r  a c t i o n s  n e c e s s a r y  t o  
a c h i e v e  a  d o u b l i n g  of c o a l  p r o d u c t i o n  and u s e  by 1990.  The 
Board w i l l  r e p o r t  t o  governments  b e f o r e  t h e  end o f  t h e  y e a r .  
C o n t r a r y  t o  c o a l ,  p r o j e c t i o n s  f o r  n u c l e a r  power 
a v a i l a b i l i t y  h a v e  been s t e a d i l y  l o w e r e d .  C o u n t r i e s '  most  r e c e n t  
p r o j e c t  i o n s  f o r  n u c l e a r  e l e c t r i c i t y  p r o d u c t i o n  by 1990 were  o n l y  
7 5 %  of  t h o s e  made two y e a r s  e a r l i e r .  Lead times have  c o n t i n u e d  
t o  i n c r e a s e  and a  c o n s i d e r a b l e  p o r t i o n  of t h e  c u r r e n t  1990 
p r o j e c t i o n  must be  r e g a r d e d  a s  b e i n g  a t  r i s k  i n  t h a t  y e a r  s i m p l y  
b e c a u s e  c o n s t r u c t i o n  is n o t  y e t  under  way o r  s i t e s  have  y e t  t o  
b e  s e l e c t e d .  C o n s e q u e n t l y ,  i n  o u r  p r e s e n t  b a l a n c e  t h e  
S e c r e t a r i a t  h a s  a l s o  r e d u c e d  t h e  c o n t r i b u t i o n  from n u c l e a r  power 
by 100 Mtoe. The main c a u s e  o f  t h e  p r e s e n t  n u c l e a r  s i t u a t i o n .  is  
due t o  p u b l i c  c o n c e r n  abou t  t h e  n u c l e a r  f u e l  c y c l e  and r e l a t e d  
i s s u e s  of  s a f e t y  and n u c l e a r  p r o l i f e r a t i o n .  But t h e r e  a r e  some 
encouracin:  i n d i c a t i o c c  c h r c  ?~::e&i x y  h a v e  Lee,) chrsugh i ts  
w o r s t  p e r i o d  w i t h  r e s p e c t  t o  p u b l i c  o b j e c t i o n .  The Swedes ,  i n  
t h e i r  March  r e f e r e n d u m ,  e x p r e s s e d  s u p p o r t  f o r  t h e  n u c l e a r  
o p t i o n .  T h e  F r e n c h  h a v e  r e a f f i r m e d  t h e i r  i n t e n t i o n s  t o  r a p i d l y  
e x p a n d  t h e i r  p r o g r a m m e  a n d  a r e  p r e s s i r . g  a h e a d  w i t h  b o t h  t h e  f a s t  
b r e e d e r  a n d  r e p r o c e s s i n g .  T h e  German C h a n c e l l o r  h a s  r e c e n t l y  
v o i c e d  h i s  s t r o n g  s u p p o r t  f o r  n u c l e a r  p o w e r .  T h e s e  e x a m p l e s  
s u g g e s t  t h a t  t h e  m a j o r i t y  o f  t h e  p u b l i c  may b e  r e c o g n i s i n g  t h a t  
l o s i n g  t h e  n u c l e a r  o p t i o n  w o u l d  h a v e  u n a c c e p t a b l e  c o n s e q u e n c e s .  
IEA p r o d u c t i o n  o f  o i l  f r o m  1 9 7 8 - 9 0  is p r o j e c t e d  t o  
i n c r e a s e  by  a l m o s t  a s  much a s  i t  d i d  i n  t h e  p r e v i o u s  1 2  y e a r  
p e r i o d .  T h e r e  is a l s o  s o m e  f u r t h e r  p o t e n t i a l  f o r  i n c r e a s e d  
d o m e s t i c  o i l  p r o d u c t i o n  i f  p r o s p e c t i v e  a c r e a g e  is made a v a i l a b l e  
f o r  e x p l o r a t i o n  i n  t h e  n e a r  f u t u r e .  M a r g i n a l  f i e l d  d e v e l o p m e n t  
a n d  e n h a n c e d  r e c o v e r y  p r o c e s s e s  m i g h t  a d d  t o  p r o d u c t i o n  a s  w e l l ,  
b u t  p a r t  o f  t h e  f o r e c a s t  p r o d u c t i o n  i n  F i g u r e  2 i s  f r o m  y e t  t o  
b e  d i s c o v e r e d  r e s e r v e s  o r  f r o m  s o u r c e s  r e q u i r i n g  new 
t e c h n o l o g y .  We f e e l  t h a t  t h e r e  c o u l d  b e  a s  much a s  1 . 5  Mbd 
d o w n s i d e  r i s k  on t h e  U n i t e d  S t a t e s  1 9 9 0  o i l  p r o d u c t i o n  f i g u r e ,  
b u t  t h i s  m i g h t  b e  o f f s e t  b y  p r o d u c t i o n  f r o m  t h e  C a n a d i a n  A r c t i c  
a n d  o f f s h o r e ,  f r o m  t h e  N o r t h  S e a  a n d  f r o m  s o n e  s y n t h e t i c  
p r o d u c t i o n  i n  t h e  U n i t e d  S t a t e s .  
As t o  g a s ,  t h e  s c e n a r i o  i n  F i g u r e  2 s h o w s  a  c o n s i d e r a b l e  
i n c r e a s e  i n  i m p o r t s  i n t o  t h e  IEA,  b u t  h a r d l y  a n y  p r o d u c t i o n  
i n c r e a s e .  T h e  g a s  s i t u a t i o n  is d i s c u s s e d  i n  m o r e  d e t a i l  b e l o w ,  
b u t  i n  g e n e r a l  we f e e l  t h e r e  is c o n s i d e r a b l y  m o r e  p o t e n t i a l  t o  
e x p a n d  n a t u r a l  g a s  u s e  b y  1 9 9 0 .  
On b a l a n c e ,  t h e r e f o r e ,  t h e  a n s w e r  t o  t h e  f i r s t  q u e s t i o n  - -  
c a n  I E A  e n e r g y  r e q u i r e m e n t s  b e  m e t  w i t h  n o  i n c r e a s e  i n  i m p o r t e d  
o i l  -- is  a  c a u t i o u s  " y e s " .  T h e  r e s o u r c e s  a r e  t h e r e ;  t h e  
t e c h n o l o g y  is t h e r e ;  t h e  e c o n o m i c s  a r e  f a v s u r a b l e  a n d ,  i n d e e d ,  
e v e n  m o r e  t h a n  we a r e  f o r e c a s t i n g  c o u l d  b e  a c h i e v e d .  B u t  t h e  
q u e s t i o n  m a r k  is w h e t h e r  t h e  p o l i c y  i n i t i a t i v e s  r e q u i r e d  w i l l  b e  
f o r t h c o m i n g  . 
What a b o u t  t h e  s e c o n d  q u e s t i o n ?  E v e n  i f  we m a n a g e  t o  
d e v e l o p  a l t e r n a t i v e s  on t h e  s c a l e  shown i n  F i g u r e  2 ,  is t h a t  
g o o d  e n o u g h ?  F i g u r e  3 s h o w s  a  p r o j e c t e d  g l o b a l  o i l  b a l a n c e ,  
Lacad un t n i s  s c e n a r i o  a n d  a i iumbei  or' o t h e r  a s s u m p ~ i o c ~ s  a b o u t  
t h e  r e s t  o f  t h e  wor ld  (shown i n  more d e t a i l  i n  T a b l e  l ) ,  t h e  
answer  is c l e a r l y  "no". 
B r i e E l y ,  t h e  s c e n a r i o  i n  F i g u r e  3 s u g g e s t s  t h a t :  
* IEA c o u n t r i e s '  o i l  c o n s u m p t i o n  i s  e x p e c t e d  t o  i n c r e a s e  
o n l y  s l i g h t l y  Erom now t o  1 9 8 5  and h a r d l y  a t  a l i  from 
1985-90. Net o i l  i m p o r t s  by IEA c o u n t r i e s  a r e  e x p e c t e d  
t o  show no s i g n i f i c a n t  i n c r e a s e  r i g h t  t h r o u g h  t h e  d e c a d e .  
* Even i n  t h i s  s i t u a t i o n ,  however ,  i t  i s  e x p e c t e d  t h a t  
p o t e n t i a l  world  o i l  demand w i l l  exceed  a v a i l a b l e  
s u p p l i e s  by o v e r  2 Mbd i n  1985 and t h a t  t h i s  n o t i o n a l  
g a p  w i l l  grow t o  a l m o s t  6 Mbd by 1990 .  T h i s  r e s u l t s  
Erom c o n t i n u i n g  demand g rowth  i n  t h e  r e s t  o f  t h e  wor ld  
and  v i r t u a l l y  no i n c r e a s e  i n  OPEC p r o d u c t i o n .  
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* There a r e  a  number of u n c e r t a i n t i e s  a s s o c i a t e d  wi th  
t h e s e  p r o j e c t i o n s .  Demand may w e l l  be lower because of 
t h e  r e c e n t  p r i c e  i n c r e a s e s  and reduced economic growth.  
A t  t h e  same t ime ,  t h e r e  i s  undoubtedly scope  f o r  more 
v igorous  o i l  conse rva t ion  and s u b s t i t u t i o n ,  wi th  
s u p p o r t i n g  government p o l i c i e s .  But u n c e r t a i n t i e s  a r e  
e q u a l l y  r e a l  on the  o t h e r  s i d e  of t h e  b a l a n c e .  Given 
the  North American o i l  p roduc t ion  o u t l o o k ,  IEA c o u n t r i e s  
w i l l  have t o  run very hard t o  ma in t a in  o i l  p roduc t ion  
through the  1980s a t  t h e  l e v e l s  shown. And t h e  
p roduc t ion  assumptions we have made fo r  OPEC may we l l  
t u r n  ou t  t o  be h igh .  
Th i s  p i c t u r e  of emerging g l o b a l  o i l  market imbalance ,  
t oge the r  wi th  t he  expe r i ence  of t h e  l a s t  e i g h t e e n  months, 
i n d i c a t e  both  t h e  s e r i o u s n e s s  and n a t u r e  of t h e  energy c h a l l e n g e  
we w i l l  f ace  through the  1980s. S t ronge r  and more de termined  
p o l i c y  measures a r e  r e q u i r e d  t o  r e o r i e n t  our  energy s y s  t e a s  away 
from o i l  and ,  i n  p a r t i c u l a r ,  away from p o t e n t ' i a l l y  i n s e c u r e  
sou rces  of supp ly .  But t h i s  p roces s  w i l l  t a k e  t ime and wh i l e  i t  
i s  go ing  on i t  w i l l  be e s s e n t i a l  t o  devo te  i n c r e a s i n g  e f f o r t s  t o  
e n s u r i n g  r e l a t i v e  s t a b i l i t y  i n  t h e  i n t e r n a t i o n a l  o i l  marke t .  
How w e l l  we d e a l  with t h e s e  two dimensions of t h e  energy  
c h a l l e n g e  w i l l  have a  profound and l a s t i n g  impact on how our  
economies and s o c i e t i e s  deve lop  through the  e ign: ies .  There i s  
a  r e a l  r i s k  t h a t  h ighe r  o i l  p r i c e s  and economic r e c e s s i o n  may 
lead  us i n t o  a  "low-growth t r a p "  where p r e s s u r e s  fo r  
p r o t e c t  ionism i n c r e a s e ,  t h e  w i l l  t o  look beyond s h o r t - t e r m  
n a t i c n a l  s e l f  - i n t e r e s t  weakens, and con f idence  in  f u t u r e  
p r o s p e c t s  e rodes .  I f  t h i s  were t o  happen, i t  would i n c r e a s e  t h e  
d i f f i c u l t y  of making t h e  r e q u i r e d  s t r u c t u r a l  changes in our  
energy systems - changes t h a t  a r e  neces sa ry  t o  e a s e  t h e  
c o n s t r a i n t  t h a t  l i m i t e d  o i l  p roduc t ion  w i l l  o t h e r w i s e  put on 
economic growth.  A l t e r n a t i v e s  would n o t  be developed r a p i d l y  
enough and when economic growth p i cks  up we could  f a c e  a n o t h e r  
o i l  p r i c e  exp los ion  t h a t  would cause  t h e  c y c l e  t o  r e p e a t  i t s e l f  
ye t  a g a i n .  In  such a s c e n a r i o ,  e x p e c t a t i o n s  would be f r u s t r a t e d  
and t e n s i o n s  would i n c r e a s e  both w i t h i n  and among n a t i o n s .  I t  
is d i f  f i c u l t  even t o  s p e c u l a t e  about  t h e  u l t i m a t e  economic,  
p o l i t i c a l  and s t r a t e g i c  consequences  of such deve lopments .  But 
i t  i s  c l e a r  t h a t  no coun t ry  would be u n a f f e c t e d .  
I t  is in t h i s  c o n t e x t  -- of  managing t he  energy c h a l l e n g e  
i n  an i n t e rdependen t  world -- t h a t  t h e  r o l e  o f  n a t u r a l  gas  needs  
t o  be add re s sed .  
111.  THE ROLE OF NATURAL GAS 
A s  a  sou rce  of  energy  s u p p l y ,  n a t u r a l  gas  has  many 
advan t ages .  I t  does n o t  s u f f e r  from t h e  p s y c h o l o g i c a l  
d i f f i c u l t i e s  t h a t  c o a l  has  t o  overcome: i t  is c l e a r l y  r ecogn i sed  
a s  a  f u e l  of  t h e  f u t u r e .  The technology  is unders tood  and 
proved and i n  both North America and Europe,  s u b s t a n t i a l  
i n f r a s t r u c t u r e  is a l r e a d y  i n  p l a c e .  F i n a l l y ,  n a t u r a l  gas  is 
l e s s  c louded by env i ronmen ta l  and s a f e t y  conce rns  than e i t h e r  
c o a l  o r  n u c l e a r ;  indeed i t  is r e c o g n i s e d  a s  a  premium f u e l .  The 
c r i t i c a l  i s s u e s  a r e  q u i t e  s imply  a v a i l a b i l i t y  and c o s t .  But t h e  
IEA does  have e x t e n s i v e  r e s o u r c e  p o t e n t i a l  and ve ry  l a r g e  
r e s e r v e s  i n  non-IEA c c c n t r i e s  a r e  wizhfn cccr .cuic  ;,ii=!i. 
Notwi th s t and ing  t h e s e  o p p o r t u n i t i e s ,  t h e  f a c t s  a r e  t h a t  
over t h e  1973-1978 pe r iod  ve ry  l i t t l e  o i l  was d i s p l a c e d  by gas  
f o r  t h e  IEA a s  a  whole. Gas u se  d i d  n o t  i n c r e a s e  over  t h e  
p e r i o d ,  b u t  t h i s  masked very  d i v e r g e n t  t r e n d s  i n  t h e  d i f f e r e n t  
IEA r e g i o n s .  I n  t h e  United S t a t e s ,  d e c l i n i n g  p roduc t ion  ( t h e  
e q u i v a l e n t  o f  1 . 4  Mbd) l ed  t o  dec rea sed  consumption and. some 
s u b s t i t u t i o n  of o i l  f o r  n a t u r a l  g a s ,  p a r t i c u l a r l y  i n  t h e  
i n d u s t r i a l  s e c t o r .  I n  Europe,  gas  use i n c r e a s e d  by 50% ove r  
t h i s  pe r iod  ( t h e  e q u i v a l e n t  o f  1 Mbd) and a lmos t  a l l  of  t h i s  
r e f l e c t e d  Dutch,  Norwegian and United Kingdom p roduc t ion .  Gas 
use  t r i p l e d  i n  J a p a n ,  a l l  of t h e  i n c r e a s e  coming from impor t s .  
(See Tab l e  2 )  
Although f u r t h e r  p roduc t ion  p o t e n t i a l  e x i s t s  wi th  in  t h e  
IEA, p a r t i c u l a r l y  i n  Canada, A u s t r a l i a  and t h e  North Sea ,  a l l  
IEA r e g i o n s  w i l l  i n c r e a s i n g l y  have t o  r e l y  on impor t s  t o  s a t i s f y  
demand. T h i s  w i l l  r e q u i r e  c a r e f u l  n e g o t i a t i o n  t o  e n s u r e  s e c u r e  
T a b l e  1 G l o b a l  O i l  B a l a n c e *  
1 9 7 8  
-
1 9 8 5  
-
A c t u a l  
IEA ( M t o e )  
T o t a l  P r  i m a r y  E n e r g y  3  5  1 6  
Non-Oi l  E n e r g y  C o n s u m p t i o n  1 7 0 5  
O i l  C o n s u m p t i o n  1 8  11 
( N e t  O i l  I m p o r t s ) * *  ( 1 1 8 5 )  
W o r l d  O i l  C o n s u m p t i o n  (Mbd) 
IEA Coun t r  i e s  3 8 . 8  
O t h e r s  ( i n c l .  OPEC) 1 2 . 6  
-
W o r l d  ( e x c l .  CPB) 5 1 . 4  
Non-OPEC O i l  P r o d u c t i o n  (Mbd) 
IEA Coun t r  ies l k  . 2  1 7 . 1  1 7 . 1  
D e v e l o p i n g  C o u n t r i e s  4 . 6  8 . 5  1 1 . 0  
Net I m p o r t s  f r o m  CPE - 1 . 3  0 .  k 
-
-1.1 
TOTAL 2 0 . 1  2 6 . 0  2 7 . 0  
OPEC P r o d u c t i o n  (Mdb) 3 0 . 5  3 0 . 8  3 1 . 6  
A d d i r i o n a l  P r o d u c t i o n  o r  
S a v i n g s  R e q u i r e d  (Mbd) - 2 . 1  5 . 7  
* C o n v e r s i o n  f a c t o r :  1 Mbd = 4 8 . 3  M t o e l y e a r  . 
** I n c l u d e s  m a r i n e  b u n k e r s :  62 M t o e  i n  1 9 7 8 ,  8 0  M t o e  i n  1 9 8 5  a n d  
8 4  M t o e  i n  1 9 9 0 .  
s u p p l i e s  a t  c o m p e t i t i v e  p r i c e s .  T h e  s u p p l y  p o s i t i o n  o f  W e s t e r n  
E u r o p e  i n  p a r t i c u l a r  m i g h t  w e l l  b e  d i f f i c u l t ,  s i n c e  t h e  
i n t e n t i o n  o f  t h e  N e t h e r l a n d s  n o t  t o  r e n e w  e x i s t i n g  e x p o r t  
c o n t r a c t s  c o u l d  l e a v e  a l a r g e  g a p  i n  E u r o p e a n  s u p p l i e s  i n  t h e  
e a r l y  1 9 9 0 s .  T h e  g a s  d e v e l o p m e n t  p o l i c y  o f  Norway w i i l  b e  v e r y  
i m p o r t a n t  i n  t h i s  c o n t e x t  i n  l i g h t  o f  t h e  u n c e r t a i n t i e s  a s  t o  
f u t u r e  A l g e r i a n  a n d  USSR i m p o r t s .  Be f o r e  d i s c u s s  i n g  t h e  
o p p o r t u n i t i e s  f o r  g a s  i m p o r t s  f r o m  a r e a s  o u t s i d e  IEA,  t h e  
s i t u a t i o n  w i t h i n  e a c h  o f  t h e  IEA r e g i o n s  is b r i e f l y  d e s c r i b e d  
b e l o w .  

A. European P r o s p e c t s  
Dur ing  t h e  p e r i o d  o f  r a p i d  g rowth  f o l l o w i n g  World War 1 1 ,  
Western Europe i n c r e a s e d  i t s  r e l i a n c e  on o i l  d r a m a t i c a l l y .  
European o i l  consumption q u a d r u p l e d  from 1960 t o  1973. I t s  
s h a r e  i n  t o t a l  energy  consumpt ion  d o u b l e d ,  from 30% t o  a l m o s t  
60%. 
S i n c e  1973 ,  t h e r e  h a s  been v i r t u a l l y  no i n c r e a s e  i n  
European energy  demand and o i l  consumpt ion  h a s  f a l l e n  s l i g h t l y ,  
d e s p i t e  t h e  f a c t  t h a t  E u r o p e ' s  G r o s s  Domest ic  P r o d u c t  grew a t  2% 
p e r  annum. T h i s  r e p r e s e n t s  a  s i g n i f i c a n t  move towards  
c o n s e r v a t i o n  i n  r e s p o n s e  t o  h i g h e r  p r i c e s  and o n e  t h a t  we hope 
w i l l  be m a i n t a i n e d  and i n t e n s i f i e d .  
F i g u r e  4 shows t h e  European IEA Member c o u n t r i e s '  
p r o j e c t i o n s  o f  t h e i r  e n e r g y ,  o i l  and g a s  s i t u a t i o n s  t h r o u g h  t h e  
e i g h t i e s . *  These p r o j e c t i o n s  a r e  a b o u t  o n e  y e a r  o l d  and t h e y  
w i l l  undoubted ly  be m o d i f i e d  s u b s t a n t i a l l y  i n  t h e  l i g h t  o f  
r e c e n t  o i l  p r i c e  i n c r e a s e s .  But what we want  t o  f o c u s  on is n o t  
t h e  p r e c i s i o n  o f  t h e  numbers ,  b u t  t h e  r e l a t i v e  d e v e l o p m e n t s  o f  
g a s  i n  energy  b a l a n c e s .  
Dur ing  t h e  1960s and t h e  1970s s e v e r a l  European c o u n t r i e s  
e s t a b l i s h e d  s i z e a b l e  m a r k e t s  f o r  n a t u r a l  g a s  b a s e d  on o n s h o r e  
g a s  f i e l d s ,  i n c l u d i n g  t h e  g i a n t  Gron ingen  f i e l d  i n  t h e  
N e t h e r l a n d s .  There  is  now an i n t e g r a t e d  European g r i d  and t h e  
Uni ted  Kingdom a l s o  has  a  n a t i o n a l l y  i n t e g r a t e d  t r a n s m i s s i o n  
s y s t e m  w i t h  s u p p l i e s  f rom i t s  own f i e l d s  i n  t h e  North  Sea and 
some i m p o r t s  from Norway. Today, t o t a l  g a s  consumpt ion  i n  
IEA-Europe is a b o u t  150 Mtoe ( 6  T c f ) ,  c o v e r i n g  15% of  t o t a l  
p r imary  energy  consumpt ion .  The l a r g e s t  s h a r e  is i n  t h e  
N e t h e r l a n d s  w i t h  5 0 2 ,  f o l l o w e d  by t h e  Uni ted  Kingdom, Germany 
and I t a l y  w i t h  a b o u t  15-202 e a c h .  
* T a b l e  2 shows g a s  p r o d u c t i o n ,  consumpt ion  and t r a d e  by 
c o u n t r y .  T a b l e  3  shows t h e  s h a r e  o f  n a t u r a l  g a s  i n  
a l t e r n a t i v e  u s e s .  
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The major  European p r o d u c e r  t o d a y  is t h e  Nether  l a n d s ,  
based  on t h e  l a r g e  r e s e r v e s  i n  t h e  Gron ingen  f i e l d .  The North  
Sea is a l s o  a  major  s u p p l y  s o u r c e ,  w i t h  c o n s i d e r a b l e  p o t e n t i a l .  
T o t a l  European g a s  p r o d u c t i o n  is s t i l l  s l i g h t l y  h i g h e r  t h a n  o i l  
p r o d u c t i o n  b u t ,  c o n t r a r y  t o  o i l ,  d o m e s t i c  p r o d u c t i o n  a c c o u n t s  
f o r  a l m o s t  90% o f  t o t a l  g a s  a s e .  
Through t h e  1 9 6 0 s ,  n a t u r a l  g a s  s u b s t i t u t e d  p r i m a r i l y  f o r  
c o a l ,  b u t  s i n c e  1973 t h e r e  h a s  been i n c r e a s i n g  s u b s  t i  t u t i o n  o f  
g a s  f o r  o i l .  T h e r e  is c o n s i d e r a b l e  room f o r  f u r t h e r  
s u b s t i t u t i o n  i f  s u p p l i e s  can  be made a v a i l a b l e  and our  work 
s u g g e s t s  t h a t  t h e  p r e s e n t  s h a r e  o f  n a t u r a l  g a s  c o u l d  i n c r e a s e  
from 15% o f  TPE today  t o  p e r h a p s  25-30% by 1990.  
Whether t h i s  k i n d  o f  p e n e t r a t i o n  t a k e s  p l a c e  w i l l  depend 
upon g a s  a v a i l a b i l i t y  and g a s  p r i c e s .  I f  a d d i t i o n a l  g a s  
s u p p l i e s  can  be made a v a i l a b l e  a t  c o m p e t i t i v e  p r i c e s ,  European 
g a s  use  c o u l d  i n c r e a s e  f a s t e r ,  t a k i n g  p r e s s u r e  o f f  o i l  demand 
and c o n s e q u e n t l y  p r o l o n g i n g  t h e  a v a i l a b i l i t y  o f  world  o i l  
s u p p l i e s .  
A s  t h e  lower  p a n e l  o f  F i g u r e  4 shows ,  h o w e v e r ,  a  more 
a c t i v e  p o s t u r e  by gas  i m p o r t e r s  i s  r e q u i r e d  even t o  s e c u r e  
s u p p l i e s  now p r o j e c t e d ,  l e t  a l o n e  i n c r e a s e  them s u b s t a n t i a l l y  by 
1990. A s m a l l  g a p ,  r e p r e s e n t i n g  p r o j e c t e d  s u p p l i e s  n o t  now 
c o v e r e d  by c o n t r a c t ,  e x i s t s  in  1985 and a  much l a r g e r  g a p  
( 3 1  Mtoe) e x i s t s  in  1990 ,  even assuming  s u b s t a n t i a l  i m p o r t s  from 
A l g e r i a ,  t h e  USSR and I r a n .  
Wi th in  t h e  IEA, t h e  North  S e a ,  and p a r t i c u l a r l y  Norwegian 
e x p o r t s ,  c a n  p l a y  a  c r i t i c a l  r o l e  h e r e .  North  Sea g a s  
p r o d u c t i o n  i s  now a b o u t  55 Mtoe, a c c o u n t i n g  f o r  37% oE European 
s u p p l i e s .  O f f i c i a l  f o r e c a s t s  s e e  an i n c r e a s e  t o  60 Ytge i n  
1985 ,  b u t  no f u r t h e r  i n c r e a s e  t o  1990. We f e e l  t h a t  t h e s e  
p r o j e c t i o n s  u n d e r s t a t e  p o t e n t i a l  c o n s i d e r a b l y ,  p a r t i c u l a r l y  f o r  
t h e  pos t -1985  p e r i o d .  For examplc ,  p r e s e n t  d i s c o v e r i e s  i n  t h e  
North  Sea ( s o u t h  o f  62 d e g r e e s j  a r e  r o u g h l y  2  t o  3  t i m e s  t h e  
l e v e l  o f  r e s e r v e s  now a u t h o r i s e d  f o r  deve lopment .  
Norwegian gas e x p o r t s  have grown from 14 Mtoe i n  1978 t o  
about  22 Mtoe ( 1  Tcf )  today.  There  is c o n s i d e r a b l e  i n t e r e s t  i n  
C o n t i n e n t a l  Europe and t h e  United Kingdom i n  expanding North Sea 
impor ts  even f u r t h e r  - which i s  an i n c r e a s i n g l y  s e n s i b l e  p o l i c y  
i n  t h e  l i g h t  of  r e c e n t  o i l  p r i c e  i n c r e a s e s ,  t h e  a t t i t u d e  of  some 
OPEC c o u n t r i e s  toward gas e x p o r t s ,  and t h e  planned t e r m i n a t i o n  
of  Dutch e x p o r t s .  
I t  now a p p e a r s ,  wi th  r e c e n t  f i n d s  i n  t h e  Norwegian s e c t o r  
and t h e  r e - e v a l u a t i o n  of  a  United Kingdom gas -ga the r  ing  s y s  tern, 
t h a t  t h e r e  i s  enough gas f o r  two new t r a n s p o r t a t i o n  sys tems:  
one f o r  t h e  United Kingdom with a  c a p a c i t y  of iO-15 Xtoe per  
year  ( p o s s i b l y  i n c l u d i n g  some Norwegian g a s ) ,  and a second 
Norwegian g a t h e r i n g  system wi th  20-25 Mtoe annual  c s p a c i t y .  The 
United Kingdom system has now been announced and should  be 
o p e r a t i o n a l  by 1985. In  Norway, t h e  r e c e n t  o i l  p r i c e  i n c r e a s e s  
have led  t o  some r e c o n s i d e r a t i o n  of whether t h e  gas  should  b e s t  
be piped t o  Europe or  d e l i v e r e d  t o  Norway f o r  e x p o r t  a s  LNG. A 
government proposa l  i s  now expec ted  i n  t h e  Sp r ing  of 1981 and. 
Pa r l i amen t  w i l l  h o p e f u l l y  t ake  a  d e c i s i o n  s h o r t l y  t h e r e a f t e r ,  
making a  d e l i v e r y  system p o s s i b l e  towards t h e  end of  t h e  1980s .  
Completion of t h e  Norwegian system would f i l l  t h e  gap shown Zor 
1990 and might  a s  w e l l  a l low a d d i t i o n a l  gas  p e n e t r a t i o n  in  
European marke t s ,  thus  h e l p i n g  t o  e a s e  an i n c r e a s i n g l y  d i f f i c u l t  
o i l  s i t u a t i o n .  
The S i t u a t i o n  i n  North America 
The i n c r e a s e  in energy r equ i r emen t s  from 1973 t o  1978 (4%)  
was s l i g h t l y  h ighe r  than in Europe. In  t he  United S t a t e s ,  shown 
i n  F igu re  5 ,  n a t u r a l  gas use  d e c l i n e d  s u b s t a n t i a l l y  and o i l  grew 
both a b s o l u t e l y  ( abou t  2 Mbd) and r e l a t i v e  t o  t o t a l  energy  use .  
Ind igenous  o i  1 product  ion d e c l i n e d  th roughou t  t h e  per  iod and t h e  
r e s u l t  i n  1978 was a  dependence on o i l  impor ts  f o r  a lmos t  21% of  
t o t a l  energy consumption,  compared wi th  15% i n  1973. 
The s h a r e  of  n a t u r a l  gas i n  t o t a l  energy consumption had 
reached  14% by t h e  l a t e  1940s and i t  i n c r e a s e d  t o  30% i n  1960. 
Thi s  s h a r e  of  a  c o n s t a n t l y  growing energy  economy h e l d  u n t i l  t h e  
mid 1970s when s h r i n k i n g  domes t i c  s u p p l i e s  suppor t ed  by impor ts  
from Canada were no longer  a b l e  t o  ma in t a in  market  s h a r e .  
S ince  1966, annual  p roduc t ion  of n a t u r a l  ga s  from t h e  
lc-23; 49  s z a z e -  h t s  kcan g r e a r e r  that? new a d d i t i o n s  t c  t e j e r v e s ,  
r e s u l t i n g  i n  a  d e c l i n e  i n  t h e  Rese rve /P roduc t ion  r a t i o  from 
about  17 t o  1 i n  1966 t o  l e s s  than 10 t o  1 today .  Even i f  t h e  
l a r g e  d i s c o v e r i e s  i n  Alaska a r e  added ,  consumption fo r  more than 
a  decade has  been i n c r e a s i n g  more q u i c k l y  than a d b i t i o n s  t o  
r e s e r v e s .  
I n  Canada, t h e  t u r n i n g  p o i n t  f o r  t h e  n a t u r a l  gas  i n d u s t r y  
was t he  d i scove ry  in  1947 of a  s e r i e s  of major f i e l d s  i n  Western 
Canada which l ed  t o  a  r a p i d  expans ion  of domes t i c  gas  use  a s  
w e l l  a s  e x p o r t s .  A s  e a r l y  a s  1960,  some 20% of t o t a l  gas  
product ion  was expor t ed  t o  t h e  United S t a t e s ,  w i th  c l o s e  t o  h a l f  
t h e  n a t u r a l  gas  product ion  be ing  expor t ed  i n  1973. 
Even more s o  than in  Europe, t h e  demand f o r  n a t u r a l  gas  is 
not  a  l i m i t i n g  f a c t o r  on market growth. Canada has  now dec ided  
t o  ex tend  i t s  p i p e l i n e  i n f r a s t r u c t u r e  i n t o  e a s t e r n  Canada and 
expanded n a t u r a l  gas demand w i l l  d i s p l a c e  some o i l  impor ts  over  
t h e  1980s. The s i t u a t i o n  i n  t h e  United S t a t e s  is more 
p r o b l e m a t i c a l ,  bu t  t h e r e  a r e  some i n d i c a t i o n s  t h a t  h ighe r  
ne tbacks  could  l ead  t o  subs  t a n t i a l l y  g r e a t e r  p r o d u c t i o n ,  even 
from t h e  lower 48 s t a t e s ,  a s  has  been the  c a s e  i n  Canada s i n c e  
1973. I f  the  United S t a t e s '  consumption in  1990 could be r a i s e d  
aga in  t o  i t s  1973 l e v e l  -- through domest ic  p roduc t ion  and 
impor ts  -- t h e  increment  would amount t o  over  2  Mbd of  o i l  
e q u i v a l e n t .  
Exp lo ra t i on  a c t i v i t y  is a t  ve ry  high l e v e l s  i n  North 
America. In t h e  United S t a t e s ,  however, d r i l l i n g  has been 
c o n c e n t r a t e d  on t h e  more modest p r o s p e c t s  i n  t h e  lower 48 S t a t e s  
and no t  on t h e  h igh  p o t e n t i a l  o f f s h o r e  b a s i n s  and i n  Alaska.  
This  r e f l e c t s  government l e a s i n g  p o l i c i e s  and gas  p r i c e  
r e g u l a t i o n s  bu t  t h e r e  a r e  now i n d i c a t i o n s  of  changes.  Of f sho re  
d r i l l i n g  in  1979 su rpas sed  p rev ious  l e v e l s  and 1980 a c t i v i t y  is 
fo re seen  t o  be even h i g h e r .  
P r e s e n t  government  p r o j e c t i o n s  f o r e s e e  a c o n t i n u e d  s l i g h t  
d e c l i n e  i n  p r o d u c t i o n  t o  l e s s  t h a n  20 Tcf i n  1990.  We b e l i e v e ,  
however ,  t h a t  t h e  p o t e n t i a l  e x i s t s  t o  i n c r e a s e  p r o d u c t i o n  above  
c;;irzrrt f ~ i - a c i l ~ t s  i o i n e  Unitad S t a t e s ,  m a i n l y  from .Alaskan g a s  
f i e l d s  and t h e  C o n t i n e n t a l  S h e l f .  Canad ian  f o r e c a s t s  do n o t  
i n c l u d e  g a s  s u p p l i e s  from t h e  f r o n t i e r  b a s i n s .  T h e r e  a r e  
p r e s e n t l y  o v e r  15 Tcf o f  proved r e s e r v e s  in  t h e  h i g h  A r c t i c  and 
p l a n s  a r e  n e a r i n g  c o m p l e t i o n  t o  d e l i v e r  a t  l e a s t  some o f  t h e s e  
r e s e r v e s  a s  LNG. Company f o r e c a s t s  f o r  1990 r a n g e  from 0 . 5  t o  
1 . 5  Tcf a n n u a l l y  from t h e  Mackenzie  D e l t a / B e a u f o r t  Sea and from 
t h e  A r c t i c  I s l a n d s ,  and t h e r e  may a l s o  be  some p r o d u c t i o n  from 
Nova S c o t i a  on s t r e a m  by 1985 ,  g i v e n  a  p r o m i s i n g  1979 d i s c o v e r y .  
On t h e  o t h e r  h a n d ,  t h e  p rob lems  which we s e e  t o d a y  
r e g a r d i n g  t h e  Alaskan  g a s  p i p e l i n e  p r o j e c t  do n o t  i n c r e a s e  
c o n f i d e n c e  a b o u t  t h e  t i m i n g  o f  g a s  d e l i v e r i e s  from f r o n t i e r  
a r e a s .  I n  F i g u r e  5 ,  a  5% c o n t r i b u t i o n  from Alaska  is shown f o r  
1 9 8 5 ,  b u t  i t  i s  no l o n g e r  l i k e l y  t h a t  t h e  p i p e l i n e  w i l l  be  
o p e r a t i o n a l  i n  t h i s  t ime  f rame .  
C.  The P a c i f i c  Region 
The g a s  e r a  is much newer i n  t h e  P a c i f i c .  I n  1 9 6 0 ,  o n l y  
J a p a n  had a  t i n y  p r o d u c t i o n  o f  n a t u r a l  g a s .  However,  one o f  t h e  
J a p a n e s e  p o l i c y  t h r u s t s  i n  r e d u c i n g  o i l  dependency i s  t o  
e n c o u r a g e  g a s  u s e ,  and an i n c r e a s e  by a  f a c t o r  o f  12 is f o r e s e e n  
from 1973 t o  1990. Almost a l l  o f  t h i s  i s  t o  b e  i m p o r t e d  a n d ,  a s  
shown i n  F i g u r e  6 ,  o v e r  40% of  t h e  e x p e c t e d  i m p o r t s  i n  1990 a r e  
a s  y e t  n o t  c o v e r e d  by c o n t r a c t s .  
P a r t  o f  t h i s  g a s  c o u l d  be s u p p l i e d  from A u s t r a l i a  where  
t h e  p r e s e n t  g a s  p r o d u c t i o n  o f  6 . 5  Mtoe is f o r e s e e n  t o  i n c r e a s e  
t o  23 Mtoe i n  1985 ,  w i t h  an e x p o r t a b l e  s u r p l u s  on t h e  o r d e r  o f  
7  Mtoe. The r e c e n t  s u r g e  i n  proved r e s e r v e s  bn t h e  A u s t r a l i a n  
O u t e r  C o n t i n e n t a l  S h e l f  i n d i c a t e s  p o t e n t i a l  f o r  s i g n i f i c a n t  new 
d i s c o v e r i e s ,  and announced deve lopment  p l a n s  i n d i c a t e  r a p i d  
p r o d u c t i o n  g rowth  p o t e n t i a l ,  p a r t i c u l a r l y  a f t e r  1985 .  
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D .  Non-Conven t i o n a l  and S y n t h e t i c  D e v e l o o m e n t s  
The p r o j e c t i o n s  shown i n  t h e  p r e v i o u s  f i g u r e s  do  n o t  
i n c l t i d e  p r o d u c t i o n  o f  n o n - c o n v e n t i o n a l  and  s y n t h e t i c  g a s .  
E x c e p t  f o r  some s u b s t a n t i a l  e x p l o r a t i o n  p l a y s  i n  C a n a d a ,  wh ich  
a p p e a r  t o  b e  q u i t e  p r o m i s i n g ,  n o n - c o n v e n t i o n a l  g a s  h a s  a t t r a c t e d  
r e l a t i v e l y  l i t t l e  a t t e n t i o n .  S i m i l a r l y ,  n o t  much was done on 
s y n t h e t i c  d e v e l o p m e n t s  u n t i l  l a s t  y e a r ,  when m a j o r  i n i t i a t i v e s  
were  i n t r o d u c e d  by t h e  U n i t e d  S t a t e s  and Germany,  a l t h o u g h  t h e  
U n i t e d  Kingdom and  J a p a n  h a v e  m o d e s t  programmes t o  s u p p o r t  
s y n t h e t i c  d e m o n s t r a t i o n  p r o j e c t s .  T h i s  s u b j e c t  w i l l  b e  
a d d r e s s e d  s p e c i f i c a l l y  d u r i n g  t h i s  c o n f e r e n c e  and we w i l l  n o t  
p u r s u e  i t  h e r e ,  e x c e p t  t o  n o t e  i n  p a s s i n g  t h a t  t h e  r e c e n t  
i n c r e a s e s  i n  o i l  p r i c e s  h a v e  e n h a n c e d  t h e  c o m m e r c i a l  v i a b i l i t y  
o f  s u c h  p r o j e c t s  and t h i s ,  t o g e t h e r  w i t h  i n c r e a s e d  c o n c e r n  a s  t o  
s e c u r i t y  o f  e n e r g y  s u p p l i e s ,  s h o u l d  l e a d  t o  h i g h e r  p r i o r i t y  f o r  
s u c h  new s o u r c e s .  
E .  P o t e n t i a l  For  IEA Gas  I m p o r t s  
L e t  u s  now t u r n  t o  g a s  t r a d e  and  p a r t i c u l a r l y  t h e  
o p p o r t u n i t i e s  f o r  i n c r e a s e d  i m p o r t s  i n t o  t h e  IEA. Gas i m p o r t s  
by  IEA c o u n t r i e s  i n  1978 w e r e  a p p r o x i m a t e l y  4 T c f ,  
t h r e e - q u a r  t e r s  o f  which  was s u p p l i e d  by C a n a d a ,  t h e  N e t h e r  l a n d s  
and Norway. They a r e  p r o j e c t e d  t o  more  t h a n  d o u b l e  by 1990  t o  
a l m o s t  9  T c f ,  b u t  o n l y  a b o u t  252 t o  30% w i l l  b e  s u p p l i e d  by IEA 
e x p o r t i n g  c o u n t r i e s  . Canada and  Mexico  w i l l  r e m a i n  mos t  
i m p o r t a n t  i n  t h e  N o r t h  American con  t e x t ,  b u t  OPEC and USSR 
e x p o r t s  w i l l  grow r a p i d l y  and m i g h t  b e g i n  10 d o m i n a t e  t h e  
i n t e r n a t i o n a l  g a s  t r a d e  by t h e  l a t e  1 9 8 0 s .  Fo r  e x a m p l e ,  g r o s s  
i m p o r t s  i n t o  IEA Europe  a r e  e x p e c t e d  t o  more  t h a n  d o u b l e  be tween  
1978  and 1 9 9 0 ,  f rom a b o u t  2 . 4  t o  5 . 0  T c f .  But i m p o r t s  f rom 
o u t s i d e  t h e  IEA w i l l  i n c r e a s e  f rom 17% o f  t o t a l  i m p o r t s  i n  1 9 7 8  
t o  64% i n  1990 .  And o f  t h e  i m p o r t s  f o r  1990 now c o n t r a c t e d ,  
A l g e r i a  and  t h e  USSR a r e  p r o j e c t e d  t o  s u p p l y  a b o u t  55% ( a b o u t  
2 T c f ) .  
The  w o r l d  g a s  r e s o u r c e  b a s e  c o u l d  e a s i l y  s u p p o r t  a s e v e r a l  
f o l d  e x p a n s i o n  o f  p r o j e c t e d  1990 IEA t r a d e  l e v e l s .  J e n s e n  
A s s o c i a t e s  have done some u s e f u l  work i n  t h i s  area.: ' ;  The 
a p p r o a c h  was t o  s u r v e y  proved g a s  r e s e r v e s  and a s s i g n  chom by 
t h e  f o l l o w i n g  c a t e g o r i e s  : 
- i n a c c e s s i b l e  o r  f l a r e d  
- d e f e r r e d  r e s e r v e s  ( i n  g a s  c a p s  o r  b e i n g  r e i n j e c t e d )  
- commit ted t o  d o m e s t i c  m a r k e t s  
- remote  from e x i s t i n g  m a r k e t s  
- a l r e a d y  commit ted t o  e x p o r t  m a r k e t s ,  and f i n a l l y  
- e x p o r t a b l e  s u r p l u s .  
T h e i r  c o n c l u s i o n  is t h a t  o v e r  800 Tcf o u t  o f  t o t a l  proved 
r e s e r v e s  o f  2500 Tcf a p p e a r  f a v o u r a b l y  s i t u a t e d  f o r  a d d i t i o n a l  
i n t e r n a t i o n a l  t r a d e .  Of t h i s  a d d i t i o n a l  800 T c f ,  600 Tcf is  
l o c a t e d  i n  t h e  USSR and I r a n .  However,  a s  t h e r e  h a s  o n l y  been a  
l i m i t e d  amount of e x p l o r a t i o n  t o  d a t e  i n  p r o s p e c t i v e  g a s - b e a r i n g  
s e d i m e n t a r y  b a s i n s  o u t s i d e  of North  America and Europe we c o u l d  
a l s o  e x p e c t  l a r g e  r e s e r v e s  a d d i t i o n s  i n  t h e  f u t u r e  i f  c o n d i t i o n s  
f a v o u r a b l e  f o r  e x p l o r a t i o n  e x i s t .  E s t i m a t e s  of f u t u r e  
d i s c o v e r i e s  r a n g e  from 2500 t o  8500 T c f ,  much o f  which s h o u l d  b e  
c o n s i d e r e d  a s  e x p o r t a b l e  s u r p l u s .  Moreover ,  wich t h e  r e c e n t  o i l  
p r i c e  i n c r e a s e s  deve lopment  of g a s  r e s e r v e s  i n  t h e  High A r c t i c  
and n o r t h e r n  North  S e a ,  which a r e  p r e s e n t l y  e x c l u d e d  Erom t h e  
e x p o r t a b l e  s u r p l u s  c a t e g o r y ,  now a p p e a r  t o  be e c o n o m i c a l l y  
v i a b l e .  
The major  q u e s t i o n  i s ,  of  c o u r s e ,  w h e t h e r  t h e  economic and 
p o l i t i c a l  c l i m a t e  i n  p r o d u c i n g  and i m p o r t i n g  c o u n t r i e s  w i l l  be 
c o n d u c i v e  t o  t h e  deve lopment  of  t h e s e  r e s e r v e s  f o r  e x p o r t .  The 
r e l a t i v e l y  h i g h  c o s t s  of  g a t h e r i n g  and t r a n s p o r t i n g  g a s  w i l l  
c o n t i n u e  t o  domina te  remote  g a s  p r o j e c t  economics .  But h i g h e r  
o i l  p r i c e s  a r e  r a p i d l y  c h a n g i n g  t h e  o v e r a l l  economics .  Our 
a n a l v s i s  o f  t h e  e c ~ c = s i i ;  r f  z c c i n g  p r = ~ i o u s l j  z ~ t g i c ~ l  h i g h  
c o s t  g a s  from major  g a s  r e s e r v e '  c o u n t r i e s  t o  d i f f e r e n t  IEA 
m a r k e t s  s u g g e s t s ,  f o r  example ,  t h a t  d e l i v e r i n g  A r c t i c  I s l a n d  
* J e n s e n  A s s o c i a t e s ,  I n c .  " Impor ted  L i q u i f i e d  N a t u r a l  Gas" - A 
R e p o r t  t o  t h e  Congress  o f  t h e  Uni ted  S t a t e s ,  O f f i c e  o f  
Technology Assessment .  September  1979 .  
p i p e l i n e  gas  t o  sou the rn  marke ts  is  commerc ia l ly  v i a b l e  a t  
c u r r e n t  Canadian and Mexican gas  e x p o r t  p r i c e  l e v e l s  of 
$ 4 . 4 7 / m i l l i o n  BTU a t  t he  US b o r d e r .  S i m i l a r l y ,  i t  i s  prof i t a b l e  
t o  move North Af r i can  LNG t o  both Europe and t h e  United S t a t e s  
a t  t h e s e  p r i c e s ,  and t he  p o s s i b l e  netback on LNG s h i p a e n t s  from 
t h e  Middle Eas t  has  now become p o s i t i v e .  
I t  must be unde r s tood ,  however, t h a t  t he  e x i s t e n c e  of t h e  
r e s e r v e s  and t h e  a b i l i t y  t o  e x p l o i t  them commerc ia l ly  i s  no t  
n e c e s s a r i l y  s u f f i c i e n t  t o  ensu re  t h a t  t r a d e  w i l l  t a k e  p l a c e .  
There  a r e  a d d i t i o n a l  f a c t o r s  t h a t  r e q u i r e  c o n s i d e r a t i o n  from the  
p e r s p e c t i v e  of both producing and impor t ing  c o u n t r i e s .  
For p o t e n t i a l  gas  e x p o r t e r s ,  a  c r i t i c a l  f a c t o r  i s  t h e  
va lue  t o  p l ace  on r e s e r v e s  i n  t he  ground.  T h i s  w i l l  depend on 
c u r r e n t  and p r o s p e c t i v e  marke t ing  a r rangements  f o r  g a s ,  
e x p e c t a t i o n s  about  the  p r i c e  of o i l ,  and t he  o v e r a l l  r e s o u r c e  
p o s i t i o n ,  f i n a n c i a l  r e q u i r e m e n t s ,  and a s p i r a t i o n s  of t h e  coun t ry  
concerned .  The r e s u l t s  of t h i s  c a l c u l u s  can vary  c o n s i d e r a b l y  
between OPEC p roduce r s  wi th  l a r g e  e x c e s s  o i l  revenues  and 
s o c i a l / e c o n o m i c  ad jus tment  problems and deve lop ing  c o u n t r i e s  i n  
need of f o r e i g n  exchange s o u r c e s  and keen on i n f r a s t r u c t u r e  and 
i n d u s t r i a l  o f f s h o r e  b e n e f i t s  a s s o c i a t e d  wi th  l a r g e  gas  e x p o r t  
p r o j e c t s .  
I t  i s  u n l i k e l y  t h a t  t h e r e  w i l l  be s u f f i c i e n t  i n c e n t i v e  t o  
j u s t i f y  a  major expans ion  of Gulf e x p o r t s  b e f o r e  t he  1990s a s  
t h e r e  i s  no economic need f o r  t h e  a r e a ' s  major o i l  p roduce r s .  
I r a n  had developed p r e v i o u s l y  amb i t i ous  gas development 
programmes bu t  g iven  t h e  p r e s e n t  u n c e r t a i n t i e s  , i t  i s  u n l i k e l y  
t h a t  an IGAT-I1 type  of p r o j e c t  w i l l  come on s t r e a m  b e f o r e  1990. 
The s i t u a t i o n  i n  A l g e r i a  is  a l s o  h i g h l y  u n c e r t a i n  a t  t h e  
moment. The Trans-Med P i p e l i n e  is a lmos t  comple te  and w i l l  be 
d e l i v e r i n g  abou t  11 Mtoe t o  I t a l y  b e f o r e  1985. But A l g e r i a  
appea r s  t o  be r e c o n s i d c r i n ~  t h e  r e l z t i v e  p r c f  i t a b i l i t v  o f  L N G  
d e l i v e r i e s  v e r s u s  d i r e c t  p i p e l i n e  s a l e s  and t h e r e  a r e  
i n d i c a t i o n s  of  an emerging p r e f e r e n c e  t o  s h i f t  away from LNG. 
The deg ree  t o  which t h i s  i s  en t ang l ed  wi th  t h e  c u r r e n t  
n e g o t i a t i n g  p o s i t i o n  of A lge r i a  v i s - a - v i s  E l  Paso and Gaz de 
France i s  d i f f i c u l t  t o  s o r t  o u t .  
F i n a l l y ,  wi th  r ega rd  t o  t h e  USSR, t h e r e  a r e  a g a i n  some 
c u r r e n t  u n c e r t a i n t i e s ,  a l t hough  t h e r e  would appear  t o  be good 
p rospec t s  f o r  a  new l a r g e  p r o j e c t  on s t r eam f o r  t h e  second h a l f  
o f  t h e  1980s. 
O p p o r t u n i t i e s  fo r  new LNG p r o j e c t s  i n  t h e  1980s a r e  t o  be 
found in t he  p re sen t  OPEC LNG producing c o u n t r i e s ,  N i g e r i a ,  
Malays ia ,  T r i n i d a d ,  Colombia, C h i l e ,  A u s t r a l i a ,  perhaps New 
Zealand and,  a s  noted above,  p o s s i b l y  Norway. I n  t he  North 
American con tex t  t h e r e  a r e  a l s o  good p r o s p e c t s  f o r  i nc reased  
Canadian and Mexican n a t u r a l  gas e x p o r t s .  
From t h e  pe : rspec t ive  of p o t e n t i a l  i m p o r t e r s ,  t h e r e  a r e  two 
prime c o n s i d e r a t i o n s :  p r i c e  and s e c u r i t y  of supply .  
P r i c i n g  C o n s i d > c a t i o n s  
Thc p r i c e  of imported gzc d e l i v e r e d  a t  t h e  border  has t o  
f a l l  w i th in  two l imits:  t he  c o s t  of supp ly  and market va lue  l e s s  
t h e  c o s t  of s e r v i c e .  
Obviously no e x p o r t  p r o j e c t  w i l l  be under taken  u n l e s s  t h e  
producer can expec t  a  r e a s o n a b l e  r a t e  o f  r e t u r n  on h i s  
inves tment  and a netback  p r i c e  t h a t  r e f l e c t s  t h e  i n h e r e n t  v a l u e  
of t h e  r e sou rce .  
P r i c e  e s c a l a t i o n  c l a u s e s  a r e  impor tan t  i n  t h i s  r e s p e c t  
because ,  g iven  t h e  l a r g e  sunk c a p i t a l  c o s t s  i n  gas e x p o r t  
p r o j e c t s  subsequent  i n c r e a s e s  i n  market p r i c e  can g e n e r a t e  ve ry  
a t t r a c t i v e  r e n t s .  A c r i t i c a l  i s s u e  i n  consumer/producer  
d i s c u s s i o n s  is n a t u r a l l y  t h e  a l l o c a t i o n  of such r e n t s .  Under 
t he  p r e s e n t  LNG c o n t r a c t s ,  bo th  p a r t i e s  b e n e f i t  i n  t h a t  t h e  
pr icc e s c a i a c i a n  has tended t a  be  r e l a i e d  t o  p r i c e s  fob che 
l i q u e f a c t i o n  p l a n t .  The f i n a l  consumer a l s o  b rne f  i ts a s  t h e r e  
a r e  normal ly  l a g s  i n  t h e  ad jus tmen t  of  gas  p r i c e s  t o  i n c r e a s e s  
i n  t h e  p r i c e  of competing o i l  p roduc t s .  
The r e c e n t  i n i t i a t i v e s  by gas  e x p o r t i n g  cc1:ccr i e s  t o  p r i c e  
gas on a  BTU-equivalent b a s i s  w i t h  crude  o i l  i s  c ; i : i ca l  vhen 
d i s c u s s i n g  a d d i t i o n a l  gas s u p p l i e s .  A t  t h e  b e g i n n i n s  of :he 
y e a r ,  A l g e r i a  r a i s e d  t he  a sk ing  p r i c e  t o  t he  c rude  o i l  
e q u i v a l e n t  p r i c e ,  a  l i t t l e  more than $6 per  m i l l i o n  BTU 
($36 /bb l )  fob.  The p r i n c i p l e  t h a t  gas  and c rude  o i l  must have 
t h e  same p r i c e  per u n i t  c a l o r i f i c  c o n t e n t  r e p r e s e n t s  a  very  
impor tan t  p o l i t i c a l  po in t  f o r  gas  producers  and was,  in  a  
g e n e r a l  s e n s e ,  endorsed by OPEC X i n i s t e r s  a t  t h e i r  r e c e n t  
meet ing  in  A l g i e r s .  \ h a t  i t  w i l l  mean in  p r a c t i c a l  t e r m s ,  
however, and how i t  w i l l  work o u t  i n  t h e  p roces s  of p r i c e  
n e g o t i a t i o n s  a r e  m a t t e r s  t h a t  a r e  n o t  very c l e a r  a t  p r e s e n t .  
Our a n a l y s i s  of c e n t r a l  European marke t s  s u g g e s t s  t h a t ,  
based on t he  c u r r e n t  market  d i s t r i b u t i o n  of g a s ,  t he  weighted 
ave rage  c o s t  o f  competing o i l  p roduc t s  -- t o  t h e  consumer -- i s  
about  $6.60 per m i l l i o n  BTU. The A lge r i an  p o s i t i o n  would,  a E t e r  
a l l owing  f o r  s h i p p i n g ,  r e g a s i f i c a t i o n  and d i s t r i b u t i o n  c h a r g e s ,  
r e s u l t  i n  an average  p r i c e  f o r  gas  in  t h e s e  marke ts  of about  
$10.00 per m i l l i o n  BTU, 50% h i g h e r  than t h e  competing f d e l s .  A t  
a  minimum, t h i s  kind o f  p r i c i n g  s t r u c t u r e  would r e s t r i c t  n a t u r a l  
gas  use  t o  t h e  h igh  end of  t h e  m a r k e t ,  where volumes n e c e s s a r y  
t o  ach i eve  t he  r e q u i r e d  economies of s c a l e  i n  t r a n s p o r t a t i o n  
could be deve loped ,  i f  a t  a l l ,  on ly  over  r a t h e r  long  time 
p e r i o d s .  
How t h e  c u r r e n t  n e g o t i a t i o n s  a r e  r e s o l v e d ,  t h e r e f o r e ,  w i l l  
have q u i t e  a  d r ama t i c  impact on t h e  f u t u r e  market  p e n e t r a t i o n  of 
n a t u r a l  gas  and n a t u r a l  ga s  t r a d e .  
S e c u r i t y  of Supply 
With regdrd  t o  t h e  s e c u r i c y  of f u t u r e  g a s  s u p p l i e s ,  
s e v e r a l  o f  t h e  l a r g e s t  a c t u a l  o r  p o t e n t i a l  e x p o r t e r s  of n a t u r a l  
gas  a r e  OPEC members -- n o t a b l y  A l g e r i a ,  I r a n ,  I ndones i a  and 
N ige r i a .  A s  n o t e d ,  OPEC and t he  USSR w i l l  tend t o  dominate  
i n t e r n a t i o n a l  gas  t r a d e  in  t h e  1990s.  OPEC members have in  t h e  
p a s t  imposed o i l  p r i c e  i n c r e a s e s  a t  s h o r t  n o t i c e  and o f t e n  
r e t r o a c t i v e l y .  Some have embargoed crude  e x p o r t s  For p o l i t i c a l  
r ea sons .  'The i n t e r r u p t i o n  of A lge r i an  s u p p l i e s ,  i n  the  cou r se  
of  p r i c e  r e n e g o t i a t i o n s ,  has n a t u r a l l y  he igh tened  concerns  about  
s e c u r i t y  of supp ly .  
Are LNG import p r o j e c t s  any n o r e  s e c u r e  than o i l  import  
a r rangements?  We would g i v e  a q u a l i f i e d  yes t o  t h a t  q u e s t i o n ,  
bu t  some r e c o n s i d e r a t i o n  of f i n a n c i n g  ar rangements  fo r  d e l i v e r y  
i n f r a s t r u c t u r e  may be warran ted .  LNG p r o j e c t s  a r e  t e c h n i c a l l y  
and f i n a n c i a l l y  i n t e g r a t e d ,  h i g h l y  c a p i t a l  i n t e n s i v e  and t i e d  t o  
s p e c i f i c  p r o j e c t  c i r cums tances .  I t  i s  h i g h l y  u n l i k e l y ,  f o r  
example, t h a t  a  spo t  market  f o r  LNG w i l l  deve lop .  Consequent ly ,  
t h e r e  a r e  s t r o n g  i n c e n t i v e s  fo r  producers  t o  supp ly  on an 
u n i n t e r r u p t e d  b a s i s .  The consequences of supp ly  i n t e r r u p t i o n  
f o r  the producer w i l l  i n c r e a s e  wi th  t he  deg ree  of  f i n a n c i a l  
exposure  in t he  p r o j e c t .  T l ~ e  t rend  co d a t e ,  however,  has been 
t o  d e c r e a s e  t h e  f i n a n c i a l  exposure  oC t h e  producer  through 
v a r i o u s  f i n a n c i a l  a s s i s t a n c e  a r r a n g e n e n t s ,  o f t e n  tllrough an 
expor t - impor t  f a c i l i t y  o f  t h e  consuming c o u n t r y ,  and i t  may nake 
sense  t o  r e c o n s i d e r  t h e s e  a r rangements  . 
How impor tan t  s e c u r i t y  O F  supp ly  c o n s i d e r a t i o n s  a r e  t o  a  
coun t ry  a r e  o f  cou r se  dependent  on a  c o u n t r y ' s  p a r t i c u l a r  
v u l n e r a b i l i t y .  The United S t a t e s  has  a l a r g e  domest ic  
product  ion base  and an ex t ens  i v e  and i n t e g r a t e d  p i p e l i n e  s ys t e n  
wi th  c o n s i d e r a b l e  s t o r a g e  c a p a c i t y .  I t  i s  t h e r e f o r e  
c o n s i d e r a b l y  l e s s  v u l n e r a b l e  t o  supply  i n t e r r u p t i o n  than Western 
Europe where t h e r e  is n o t  much system f l e x i b i l i t y ,  r a t h e r  
l i m i t e d  i n t e g r a t i o n  of  n a t i o n a l  g r i d s  and where r e l i a n c e  on 
non-IEA impor ts  w i l l  i n c r e a s e  from 12% of t o c a l  gas  use i n  1978 
t o  452 by 1990 and p o s s i b l y  r each  60% by 2000. I t  may appear  
somewhat i r o n i c ,  bu t  t h e  f a c t  remains  t h a t  t h e  l a r g e r  t h e  
abze;:ic p r o a ~ c t i o n  base tile s o r e  c o n f i d e n t  a  coun t ry  snould be 
i n  i n c r e a s i n g  gas impor ts  t o  d i s p l a c e  o i l .  
IV. CONCLUSION 
A s  noted  above,  t h e  IEA S e c r e t a r i a t  is d e v e l o ~ i n g  a  
n a t u r a l  gas  s t u d y ,  which should be a v a i l a b l e  a t  t h e  b e g i n n i n s  o f  
1981 .  The o b j e c t i v e  o f  t h i s  s t u d y  w i l l  be  t o  o u t l i n e  e x ? e c t e d  
t r e n d s  i n  OECD g a s  p r o d u c t i o n  and t r a d e  t o  t h e  y e a r  2000 ,  
i n d i c a t e  a r e a s  where  p o t e n t i a l  e x i s t s  and i d e n t i f y  t h e  p o l i c y  
r e s p o n s e s  n e c e s s a r y  t o  a c h i e v e  t h a t  p o t e n t i a l .  
I n  c o n c l u s i o n ,  we would l i k e  t o  i n d i c a t e  a  few a r e a s  where  
s t r o n g e r  p o l i c y  a c t i o n  seems n e c e s s a r y  t o  promote  n a t u r a l  g a s  
p r o d u c t i o n ,  u s e  and t r a d e .  
Our a n a l y s i s  s u g g e s t s  t h a t  more i m p o r t a n c e  n e e d s  t o  b e  
g i v e n  t o  t h e  t i m e l y  and a g g r e s s i v e  e x ~ l o r a  t i o n  and d e v e l o u n e n  t 
o f  t h e  l a r g e  r e m a i n i n g  c o n v e n t i o n a l  g a s  r e s o u r c e  b a s e  o f  t h e  
IEA: i n  t h e  North  S e a ,  A l a s k a ,  t h e  A r c t i c ,  o f f s h o r e  N o r c l ~  
America and t h e  North  N e s t  S h e l f  o f  A u s t r a l i a .  With a g g r e s s i v e  
e x p l o i t a t i o n  o f  t h e  h y d r o c a r b o n  p r o s p e c t s  i n  t h e s e  a r e a s ,  i t  
s h o u l d  be p o s s i b l e  a t  l e a s t  t o  o f f s e t  d e c l i n e s  i n  p r o d u c t i o n  
from e s t a b l i s h e d  p r o d u c i n g  r e g i o n s  i n  t h e  IEA. T h i s  in  t u r n  
w i l l  enhance  IEA c a p a b i l i t y  t o  i n c r e a s e  non-IEA i m p o r t s .  
The s i t u a t i o n  i n  Europe  d e s e r v e s  s p e c i a l  comment b e c a u s e  
o f  E u r o p e ' s  much g r e a t e r  d e g r e e  o f  e n e r g y  v u l n e r a b i l i t y .  The 
c a u t i o u s  a t t i t u d e  t h a t  c h a r a c t e r i s e s  r e sou_ tce  d e p l e t i o n  
p o l i c i e s ,  p a r t i c u l a r l y  i n  t h e  U n i t e d  Kingdom, Norway and t h e  
Ne the r  l a n d s ,  h a s  t ended  t o  r e s t r i c t  t h e  pace  o f  e x p l o r a t i o n  and 
t h e r e f o r e  d e l a y  t h e  a c c u m u l a t i o n  o f  i n f o r m a t i o n  a b o u t  t h e  t r u e  
p o t e n t i a l  o f  t h e  r e s o u r c e  b a s e .  
The p e r i o d  t o  t h e  end o f  t h i s  c e n t u r y  w i l l  b e  o n e  o f  
s i g n i f i c a n t  change  i n  European e n e r g y  s y s t e m s .  C o u n t r i e s  a r e  
unw f s c i n g  a l t c r n a t i v c  o p c i z n s  ( c o a l ,  z u c l e a r ,  impbL t ~ ;  n a t u r a l  
g a s  and s y n t h e t i c  f u e l s )  t h a t  a r e  e x p e n s i v e ,  i r r e v e r s  i b l e  once  
c o m m i t t e d ,  and r i s k y  t o  v a r i o u s  d e g r e e s .  T h e r e  is a  p r e s s i n g  
need f o r  more i n f o r m a t i o n  a b o g t  o i l  and g a s  p o t e n t i a l .  A 
c r i t i c a l  i s s u e  h e r e  is t o  c o n s i d e r  w h e t h e r  t h e  l i n k  can  b e  
b roken  be tween  e x p l o r a t i o n  a c t i v i t y  and s u b s e q u e n t  d e c i s i o n s  
a b o u t  t h e  pace  o f  e x p l o i t a t i o n  o f  p roved  r e s e r v e s .  
T h i s  would r e q u i r e  more a g g r e s s i v e  l e a s i n g  p o l i c i e s  and 
s t r e n g t h e n i n g  t h e  work r e q u i r e m e n t s  o f  l i c e n s e e s  i n  some a r e a s .  
I t  might a l s o  r e q u i r e  changes in f i s c a l  a r rangements  and the  
r o l e  of s t a t e  companies i n  order  t o  compensate fo r  p o s s i b l y  
longer  d e l a y s  between the  proving  up o f  r e s e r v e s  and t h e i r  
commercial e x p l o i t a t i o n .  But i f  i t  can be done ,  and e x p l c r a t i o n  
a c t i v i t y  i nc reased  s i g n i f i c a n t l y  , then producing c o u n t r i e s  would 
have a  b e t t e r  in format ion  base  on which t o  deve lop  long-term 
re sou rce  d e p l e t i o n  p o l i c i e s  and p r o s p e c t i v e  impor t e r s  would have 
a  more complete  p i c t u r e  of  t h e  range  of  energy  supp ly  o p t i o n s  
open to  them. 
With regard  t o  c u r r e n t  p r o d u c t i o n ,  a 1  t hn~ tgh  most 
governments h-ave t h e  power t o  reduce  o r  d e f e r  product  i o n ,  o n l y  
t h e  Nether lands  i n t ends  t o  go t h i s  r o u t e  i n  o rde r  t o  p re se rv2  
t h e  Groningen gas r e s e r v e s .  This  p o l i c y  w i l l  r e s u l t  i n  t h e  
Nether lands  having the  f a s t e s t  r a t e  of growth in o i l  impor ts  of 
any IEA coun t ry  over  t h e  next  5 y e a r s ;  and i t  could  cause  
problems fo r  o t h e r  European c o u n t r i e s  i n  t he  e a r l y  1990s when 
Dutch e x p o r t  c o n t r a c t s  a re .  scheduled  t o  end .  
The major r ea son  f o r  c o u n t r y ' s  d e c i s i o n  t o  r educe  c u r r e n t  
o i l  o r  gas product ion  is o f t e n  i ts  concern  t o  have adequate  
post-1990 hydrocarbon p roduc t ion  a v a i l a b l e .  Such a  d e c i s i o n  
today i s ,  n e v e r t h e l e s s ,  based on incomple te  i n fo rma t ion .  I n  t h e  
p r e s e n t  s i t u a t i o n ,  wi th  g e n e r a l  cont inued  p r e s s u r e  on t h e  o i l  
market and t h e  p a r t i c u l a r  dependence on o i l  impor t s ,  d e c i s i o n s  
t o  reduce c u r r e n t  product ion  wi thou t  knowing t h e  t r u e  p o t e n t i a l  
seem d i f f i c u l t  t o  defend a g a i n s t  t h e  background of  t h e  world 
energy out look  desc r ibed  above. 
F i n a l l y ,  we would no te  b r i e f l y  t h a t  a c c e l e r a t e d  
development of non-convent iona l  and s y n t h e t i c  gas  s o u r c e s  i s  
becoming i n c r e a s i n g l y  impor t an t ,  p a r t i c u l a r l y  i f  major gas-us  i n g  
IEA c o u n t r i e s  a r e  t o  manage wi th  con f idence  a  s h i f t  t o  SNG a t  
t h e  end o f  t h e  c e n t u r y .  This  is e s p e c i a l l y  s o  f o r  t h e  United 
S t a t e s ,  faced with a  t r end  d e c l i n e  i n  p roduc t ion  from t h e  "lower 
48" S t a t e s .  And t h e r e  w i l l  a s  w e l l  have t o  be i n c r e a s e d  
emphasis on gas  u t i l i z a t i o n  s t r a t e g i e s ,  t r a n s p o r t a t i o n  and 
d i s t r i b u t i o n  system f l e x i b i l i t y ,  and emergency r e s e r v e  sys tems.  
In  t h e  nea r  term, i t  is p a r t i c u l a r l y  impor tan t  f o r  t h e  IEA 
c o u n t r i e s  t h a t  t h e  Alaska  Gas P i p e l i n e  and t h e  Norwegian 
g a t h e r i n g  s y s t e m  move fo rward  q u i c k l y .  
I n  summary, we would r e - e m p h a s i z e  t h e  f o l l o w i n g  p o i n t s :  
* The world  e n e r g y  s i t u a t i o n  w i l l  be  i n c r e a s i n g l y  
d i f f i c u l t  th rough  t h e  1 9 8 0 s .  How w e l l  i t  i s  managed 
w i l l  have  a  p rofound  i n f l u e n c e  on economic g r o w t h ,  
s o c i a l  s t a b i l i t y  and r e l a t i o n s  among n a t i o n s .  The key 
c h a l l e n g e  w i l l  be  f o r  c o u n t r i e s  t o  work c o o p e r a t i v e l y  
t o  improve t h e  t o t a l  s i t u a t i o n  on which t h e y  a l l  
d e p e n d ,  r a t h e r  than  compet ing  more and more s h a r p l y  
w i t h  one a n o t h e r  f o r  i n c r e a s i n g l y  s c a r c e  o i l  s u p p l i e s .  
* N a t u r a l  g a s  c o u l d  make a s i g n i f i c a n t l y  l a r g e r  
c o n t r i b u t i o n  t o  I E A  e n e r g y  b a l a n c e s  t h a n  now 
a n t i c i p a t e d .  T h e r e  a r e  s u b s t a n t i a l  o p p o r t u n i t i e s  t o  
i n c r e a s e  g a s  a v a i l a b i l i t y  which a r e  n o t  b e i n g  pursued  
a g g r e s s  i v e l y  enough.  These  i n c l u d e :  
- h i g h  c o s t  b u t  h i g h  p o t e n t i a l  f r o n t i e r  r e g i o n s  o f  t h e  
1-2 ; 
- n o n - c o n v e n t i o n a l  and s y n t h e t i c  s o u r c e s ;  
- i m p o r t s  from non-IEA r e s e r v e s  w i t h i n  economic r e a c h .  
* And p a r t i c u l a r l y  w i t h  r e g a r d  t o  i m p o r t s ,  i t  s h o u l d  b e  
s t r e s s e d  a g a i n  t h a t  t h e  r e s o u r c e  a v a i l a b i l i t y  i s  a  
n e c e s s a r y  b u t  n o t  s u f f i c i e n t  c o n d i t i o n  f o r  g a s  t r a d e  t o  
i n c r e a s e .  I t  is a l s o  n e c e s s a r y  t h a t  a d d i t i o n a l  g a s  b e  
made a v a i l a b l e  a t  c o m p e t i t i v e  p r i c e s  and t h a t  t h e  s u p p l y  
a r r a n g e m e n t s  can  be  r e g a r d e d  a s  s e c u r e .  On b a l a n c e ,  t h e  
deve lopment  o f  n a t u r a l  g a s  i m p o r t s  s k c s l d  k =  y:;;"sd 
w i t h  s t r o n g  d e t e r m i n a t i o n ,  b u t  a l s o  w i t h  some c a u t i o n .  
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I am p a r t i c u l a r l y  p leased  t o  have been i n v i t e d  t o  d i s c u s s  
t h e  development of gas p r i c e s .  The reason f o r  my p l ea su re  is 
t h a t  I b e l i e v e  t h e  ques t ion  of energy p r i c i n g  t o  be t h e  most 
impor tan t  i s s u e  f ac ing  t h e  world today and i t s  importance w i l l  
i n c r e a s e  f u r t h e r  i n  t h e  f u t u r e .  I should make c l e a r  a t  t h e  out-  
s e t  t h a t ,  a l though I r ep re sen t  t h e  OPEC S e c r e t a r i a t ,  I am 
expres s ing  he re  only my awn pe r sona l  views on one of t h e  most 
impor tan t  problems f ac ing  t h e  energy indus t ry- - the  e s t ab l i shmen t  
of a  gas-pr ic ing  mechanism. 
The energy c r i s i s  today has occurred  n o t  merely because of 
a  l ack  of adequate resources  b u t  a l s o  because of t h e  absence 
of a  coherent  p r i c i n g  po l i cy .  Such a po l i cy  would s t i m u l a t e  
t h e  supply of convent iona l  f u e l s  and encourage t h e  development 
of  unconventional  f u e l s ,  i n  a d d i t i o n  t o  making t h e  consumer 
more energy-conscious and reducing wastage of hydrocarbon 
f u e l  resources .  
Crude o i l ,  i n  t h e  p a s t ,  has dominated t h e  world energy 
market i n  terms of supply and p r i c e ,  and it w i l l  cont inue  t o  do 
s o  u n t i l  t h e  t u r n  of t h e  century .  This  i s  s o  because it i s  t h e  
opt imal  form of energy-- i t  i s  a concent ra ted  f u e l ,  it can be 
e a s i l y  pumped, s t o r e d ,  and t r a n s p o r t e d  (whether by p i p e l i n e  o r  
o t h e r w i s e ) ,  and it can be produced and used with minimum 
d i s r u p t i o n  t o  t h e  environment. Coal ,  i n  c o n t r a s t  t o  o i l ,  i s  
d i f f i c u l t  and c o s t l y  t o  t r a n s p o r t  and has an adverse  i n f luence  
on t h e  environment both when it i s  being  produced and used. 
Natura l  gas no t  on ly  s a t i s f i e s  t h e  requirement  f o r  a  
p l e n t i f u l ,  t r a n s p o r t a b l e ,  and c o n v e r t i b l e  energy sou rce ,  b u t  
i s  a l s o  a  ready-to-use petrochemical  feeds tock  and an energy 
form which i s  accep tab l e  t o  env i ronmen ta l i s t s .  It i s  i n t e r e s t i n g  
t o  no t e  t h a t  w h i l s t  n a t u r a l  gas  r e s e r v e s  a r e  equa l  t o  sil 
r e s e r v e s  (on a  Btu b a s i s ) ,  i t s  s h a r e  i n  t h e  t o t a l  energy ba lance  
is expected  t o  be only  18% i n  1980  a s  compared wi th  54% f o r  o i l .  
Whils t  OPEC member coun t r i e s  possess  some 38% of  t h e  t o t a l  
world gas r e s e r v e s  of 2573 Tcf ,  t h e i r  marketed product ion  i s  
a mere 6 %  which, wi th  t h e  product ion  of crude o i l ,  would n o t  
s a t i s f y  world demand. With t h e  l i m i t e d  capac i ty  f o r  expansion 
o f  coa l  product ion ,  a s  w e l l  a s  t h e  long l ead  t ime r equ i r ed  f o r  
development of o t h e r  sources  of energy,  t h e  on ly  p o s s i b l e  way 
t o  s a t i s f y  t h e  energy  market  i s  t o  i n c r e a s e  t h e  p r o d u c t i o n  o f  
g a s  and move it t o  t h e  consuming a r e a s .  The l a t t e r  t a s k  i s  no 
l o n g e r  insurmountab le  a s  modern t echno logy  has  overcome t h e  
d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t r a n s p o r t i n g  g a s ,  and t echno logy  
i s  a v a i l a b l e  t o  t r a n s f o r m  it t o  more r e a d i l y  t r a n s p o r t a b l e  
forms. 
Tab le  1  shows a c t u a l  and p r o j e c t e d  v a l u e s  o f  t h e  wor ld  
l i q u e f i e d  n a t u r a l  g a s  and n a t u r a l  g a s  demand f o r  t h e  p e r i o d  
1970-1990. I t  i s  c l e a r  from t h i s  t a b l e  t h a t  a  g r e a t  p o t e n t i a l  
e x i s t s  f o r  development o f  i n t e r n a t i o n a l  t r a d e  i n  n a t u r a l  g a s  
( p i p e l i n e  o r  l i q u e f i e d  n a t u r a l  g a s ) .  I t  i s  a n t i c i p a t e d  t h a t  
t h e  i n t e r n a t i o n a l  t r a d e  i n  l i q u e f i e d  n a t u r a l  g a s  w i l l  i n c r e a s e  
by more t h a n  300% i n  t h e  n e x t  10 y e a r s ,  w h i l s t  p i p e l i n e  g a s  
demand w i l l  i n c r e a s e  by more t h a n  200% d u r i n g  t h e  same p e r i o d .  
However, it s h o u l d  be n o t e d  t h a t  t h e  p o t e n t i a l  s u p p l y  i s  
l o c a t e d  i n  r e g i o n s  f a r  from t h e  consuming a r e a s ,  a  s i t u a t i o n  which 
w i l l  p l a c e  a  g r e a t  r e s p o n s i b i l i t y ,  even a  moral o n e ,  on t h e  
i n d u s t r i a l i z e d  c o u n t r i e s ,  which a r e  t h e  h o l d e r s  o f  t h e  r e q u i r e d  
t echno logy  and c a p i t a l  and which have t h e  p o t e n t i a l  market  t o  
h e l p  c r e a t e  t h e  r i g h t  environment  (economica l ly  o r  o t h e r w i s e )  
f o r  t h e  p r o d u c e r s  t o  r e a l i z e  such  s u p p l y .  I f e e l  t h a t  w i t h o u t  
t h i s  development o f  p o t e n t i a l  s u p p l i e s  o f  n a t u r a l  g a s ,  it w i l l  
be  d i f f i c u l t  f o r  t h e  wor ld  t o  c r o s s  t h e  t r a n s i t i o n  p e r i o d  from an 
economy based  on d e p l e t a b l e  n a t u r a l  r e s o u r c e s  t o  one b a s e 6  on 
renewable  energy  r e s o u r c e s .  
The r i g h t  environment  i n  which t o  deve lop  n a t u r a l  g a s  i s  
one which i s  econorcical ly  a t t r a c t i v e  f o r  t h e  p r o d u c e r  i n  r e a l i s t i c  
commercial  t e r m s  and s t i m u l a t e s  b o t h  t h e  p r o d u c e r  and t h e  consumer,  
v i a  a  c o h e r e n t  p r i c i n g  mechanism, t o  e n s u r e  maximum r e c o v e r y  and 
o p t i m a l  u t i l i z a t i o n  o f  t h e  p r o d u c t .  
I n  t h e  p a s t  t h e  p r i c e  o f  hydrocarbons was de te rmined  by t h e  
consuming countries and was k e p t  a r t i f i c a l l y  low i n  o r d e r  t o  
s p e e d  up t h e  growth o f  t h e i r  economies ,  a t  t h e  expense o f  t h e  
p roduc ing  c o u n t r i e s .  T h i s  low p r i c i n g  o f  hydrocarbons  n o t  o n l y  
d i s c o u r a g e d  development o f  a l t e r n a t i v e  s o u r c e s  o f  energy  b u t  a l s o  
encouraged  t h e  w a s t e f u l  use  o f  t h e s e  d e p l e t a b l e  r e s o u r c e s .  
TABLE 1 Actual or projected f igures for the world natural gas and l iquef ied  
natural gas demand for  the period 197- 1990.' 
I 1970 1975 1980 1985 1990 1 
TCF 2 TCF Z TCF Z TCF Z TZF l 
Liquefied Natural Gas 0.1 6 0.25 6 1.6 24 3.5 30 5.0 
31 I 
PI peline 1.6 94 4.0 94 5.2 -E 6.2 7C 11.0 
Total 1.7 100 4.25 100 5.8 100 11.7 100 16.0 !OC I 
O ~ i ~ u r e  from: International transport o f  gas--a progress report. J.W. Kerr 
The World Gas Option--A Symposium, March 27, 1980. 
PRICES OF LIQUEFIED NATURAL GAS AND NATURAL GAS 
Table  2  shows t h e  e v o l u t i o n  o f  l i q u e f i e d  n a t u r a l  gas  p r i c e s  
on a  c i f  b a s i s  d u r i n g  t h e  p e r i o d  1972-1 980, compared w i t h  
a v e r a g e  c rude  o i l  p r i c e s  and t h e  p r i c e s  o f  some r e f i n e d  p r o d u c t s .  
A s  can be s e e n  from t h e  t a b l e ,  a  comparison o f  l i q u e f i e d  n a t u r a l  
g a s  w i t h  o t h e r  p r o d u c t s  which a r e  used a s  f u e l ,  and w i t h  c rude  
o i l ,  shows t h a t  t h e  p r i c e  o f  l i q u e f i e d  n a t u r a l  g a s  h a s  d e c r e a s e d ,  
n o t  even m a i n t a i n i n g  i t s  1972 v a l u e .  Compared w i t h  even h i g h  
s u l f u r  f u e l  o i l ,  a l though  l i q u e f i e d  n a t u r a l  g a s  was 71% more 
expens ive  i n  1972, t h i s  d i f f e r e n t i a l  d e c r e a s e d  t o  10% by t h e  
f i r s t  q u a r t e r  o f  1980. Based on t h e  p r i c e s  o f  pe t ro leum p r o d u c t s  i n  
t h e  f i r s t  q u a r t e r  o f  1980 and t a k i n g  t h e  r e l a t l v e  v a l u e  between 
l i q u e f i e d  n a t u r a l  g a s  and pe t ro leum p r o d u c t s  which e x i s t e d  i n  
1972, t h e  p r i c e  o f  l i q u e f i e d  n a t u r a l  g a s  s h o u l d  b e  USE6.21-6.91/ 
MMBtu. 
Cons ider ing  t h e  c o s t  o f  r e g a s i f i c a t i o n  and t r a n s p o r t a t i o n  
from North A f r i c a  and t h e  Gulf t o  North Europe t o  be US51.00 
and US$1.70/MMBtu r e s p e c t i v e l y ,  t h e  f o b  p r i c e  o f  l i q u e f i e d  
n a t u r a l  g a s  cou ld  be US$5.21/t.fMBtu i n  North A f r i c a  and US$4.51/ 
MMBtu i n  t h e  Gul f ,  which i s  h i g h e r  t h a n  t h e  e x i s t i n g  s a l e s  
p r i c e s  o f  some member c o u n t r i e s .  
I n  my o p i n i o n  t h e  p r i c e  o f  n a t u r a l  g a s  s h o u l d  be r e l a t e d  
t o  t h e  c o s t  o f  s y n t h e t i c  g a s  from c o a l  g a s i f i c a t i o n ,  s i n c e  it 
is r e a l l y  a  manufactured commodity. T h i s  i s  t h e  long-term 
s t r a t e g y  t h a t  s h o u l d  be adopted by gas  p roducers .  I n  t h e  s h o r t  
term, however, t h e  p r i c e  o f  l i q u e f i e d  n a t u r a l  gas  s h o u l d  be 
e q u a l  t o  t h e  p r i c e  of  f u e l  o i l  a t  t h e  p r o d u c e r s '  p o r t s ,  which 
it c o u l d  r e p l a c e ,  w i t h  a  premium f o r  q u a l i t y .  T h i s  premium should  
be i n c r e a s e d  t o  b r i n g  t h e  p r i c e  i n  l i n e  w i t h  t h e  p r i c e s  of  
a l t e r n a t i v e  s o u r c e s  o f  energy  o v e r  a  p e r i o d  o f  20 y e a r s .  
TABLE 2 Evolut ion o f  gas p r i c e s  i n  comparison with crude o i l  and re f ined  
products i n  Europe (USG/MbBtu) . 
1st Qtr. 
1972 
-
1975 1978 
-
1980'' 
Average OPEC 
crude oil pnces 0.54 2.01 2.46 5.54 
LNG/cnde oil 1.11 0.85 0.85 0.71 
LNG/fuel oil no. 2 0.95 0.73 0.70 0.55 
%ig- from: M. Ait-Laowsine, Towards a new order in gas pricing, LPG Sermnar 
1980. St. Paul-de-Vence. Nice. April 16-18, 1980. 
LIQUEFIED PETROLEUM GAS 
T r a d i t i o n a l l y ,  t h e  main u s e r s  of  l i q u e f i e d  pe t ro leum g a s  
have been t h e  residential /corrmercial ,  i n d u s t r i a l ,  and a g r i c u l t u r a l  
s e c t o r s  of  t h e  Western c o u n t r i e s .  I t  i s  used f o r  h e a t i n g ,  
b u r n i n g  i n  b o i l e r s  f o r  e l e c t r i c i t y  g e n e r a t i o n ,  and i n  o t h e r  
i n d u s t r i e s ;  a l s o  f o r  h e a t i n g  and d r y i n g  c r o p s  i n  a g r i c u l t u r e .  
The major  p o t e n t i a l  market  f o r  l i q u e f i e d  p e t r o l e u m  g a s  is  
t h e  p e t r o c h e m i c a l  i n d u s t r y ,  a l t h o u g h  t h e  development o f  t h i s  
market  depends more on t h e  s e c u r i t y  of  s u p p l y  o f  l i q u e f i e d  
pe t ro leum g a s  t n a n  i t s  p r i c e ,  s i n c e  t h e  l a t t e r  can compete w i t h  
o t h e r  f e e d s t o c k s .  O t h e r  p o t e n t i a l  m a r k e t s ,  i n  a d d i t i o n  t o  t h e  
t r a d i t i o n a l  one of  p e t r o c h e m i c a l  f e e d s t o c k  s u b s t i t u t i o n ,  a r e  
i n t e r n a l  combust ion,  d i r e c t  i n j e c t i o n ,  e t c .  
The h i g h  demand f o r  l i q u e f i e 2  p e t r o l e u m  g a s  which o c c u r r e d  
I n  1979 i s  a  c l e a r  i n d i c a t i o n  t h a t  a  h i g h  market  p o t e n t i a l  f o r  
t h i s  p r o d u c t  e x i s t s .  Again,  it h a s  t o  be  s a i d  t h a t  it i s  t h e  
r e s p o n s i b i l i t y  of  t h e  consumers t o  make l i q u e f i e d  p e t r o l e u m  g a s  
economica l ly  a t t r a c t i v e  f o r  t h e  p r o d u c e r s ,  who c o u l d  t h e n  s a t i s f y  
t h e  p o t e n t i a l  demand and produce t h e  maximum q u a n t i t y  o f  p r o d u c t ,  
t h u s  h e l p i n g  t h e  wor ld  t o  c r o s s  smoothly  t h e  energy  t r a n s i t i o n  
p e r i o d  and l e n g t h e n  t h e  l i f e s p a n  o f  hydrocarbons .  
LIQUEFIED PETROLEUM GAS PRICING 
Table  3 shows t h e  p r i c e  o f  l i q u e f i e d  p e t r o l e u m  g a s  i n  B t u ' s  
f o r  t h e  p e r i o d  1974-1980. I t  i s  c l e a r  t h a t  up u n t i l  t h e  second 
h a l f  o f  1979, t h e  p r i c e  o f  l i q u e f i e d  p e t r o l e u m  g a s  d i d  n o t  keep 
pace  w i t h  t h a t  o f  t h e  Marker Crude (Arab ian  L i g h t ) .  By t h e  
second h a l f  o f  1979, however, t h e  p r i c e  of  l i q u e f i e d  pe t ro leum 
g a s  exceeded t h e  p r i c e  o f  t h e  Marker Crude by 56%.  T h i s  i n c r e a s e  
i s  a  good i n d i c a t i o n  of  t h e  f a c t  t h a t  l i q u e f i e d  pe t ro leum g a s  
was u n d e r p r i c e d  and t h a t  t h e  market  c o u l d  a b s o r b  h i g h e r  p r i c e s .  
The use  o f  l i q u e f i e d  p e t r o l e u m  g a s  s h o u l d  be  l i m i t e d  t o  
t r a n s p o r t a t i o n  and t h e  p e t r o c h e m i c a l  s e c t o r s ,  and i t s  u s e s  a s  
a b o i l e r  f u e l  shou ld  be phased o u t .  A l t e r n a t i v e s  such  a s  c o a l  
can be  used f o r  t h e  l a t t e r  purpose .  Some a d v a n t a g e s  e x i s t ,  
however, i n  u s i n g  l i q u e f i e d  pe t ro leum g a s  i n  t h e  t r a n s p o r t a t i o n  
and p e t r o c h e m i c a l  s e c t o r s .  
TABLE 3 Evolution o f  l i q u e f i e d  petroleum gas  p r i c e s  i n  r e l a t i o n  t o  the 
marker crude (USS/MMBtu). 
1979, quarter 
1974 1975 1976 1977 1.91 2nd 3rd 116 1 
Arabian Light 1.093 2.09 2.19 2.32 2.44 2.66 3.35 3.35 1 
ILPG/Arab.Liqht 1.28 1.17 1 . 1 1  1.04 1.06 0.97 1.24 1 .561  
ZPG: 50% propane. 50% butane. 
Link ing  t h e  p r i c e  o f  l i q u e f i e d  p e t r o l e u m  gas t o  i t s  end -use  
T a b l e  U shows t h e  p o s s i b l e  end-uses  f o r  l i q u e f i e d  p e t r o l e u m  
g a s  and t h e  s h a r e  o f  e a c h  o f  t h e s e  end-uses  i n  t h e  t h r e e  m a j o r  
consuming m a r k e t s ,  namely t h e  U n i t e d  S t a t e s ,  J a p a n ,  a n d  Europe .  
Prom t h e  d a t a  g i v e n  i n  t h i s  t a b l e  and  t h e  a v e r a g e  p r i c e s  o f  
s u b s t i t u t e s  d u r i n g  t h e  1 s t  q u a r t e r  o f  1980,  t h e  p r i c e  o f  
l i q u e f i e d  p e t r o l e u m  g a s  s h o u l d  b e  USt282.90 p e r  t o n  o r  
US95.85 p e r  MMBtUr and US925U.28 p e r  t o n  o r  US95.26 p e r  MMBtu 
i n  t h e  U n i t e d  S t a t e s  a n d  J a p a n ,  r e s p e c t i v e l y .  T h e s e  p r i c e s  
c o r r e s p o n d  t o  n e t b a c k  p r i c e s  o f  USC217.90 p e r  t o n  and  
US9202.08 p e r  t o n  f o b  G u l f .  
P r i c e  o f  l i q u e f i e d  p e t r o l e u m  gas f o r  u s e  a s  a  p e t r o c h e m i c a l  
f e e d s t o c k  t o  compe t e  u i t h  naphtha  and gas o i l  (50/501 
I f  t h e  u s e  o f  l i q u e f i e d  p e t r o l e u m  g a s  is l i m i t e d  t o  t h a t  
o f  a  p e t r o c h e m i c a l  f e e d s t o c k ,  t h e n  i t s  p r i c e  s h o u l d  b e  d e t e r -  
mined r e l a t i v e  t o  n a p h t h a  and g a s  o i l  o n l y .  The a v e r a g e  p r i c e  
o f  n a p h t h a  and  g a s  o i l  i n  t h e  Gulf  d u r i n g  t h e  f i r s t  q u a r t e r  o f  
1980 was US87.58 and US$8.56/MMBtu, r e s p e c t i v e l y .  I n  t h i s  way, 
t h e  p r i c e  o f  l i q u e f i e d  p e t r o l e u m  g a s  i s  c a l c u l a t e d  t o  b e  
US$8.07/MMBtu and US$390.23/ton. 
The p u r p o s e  o f  t h i s  e x e r c i s e  i s  n o t  t o  s u g g e s t  a  p r i c i n g  
f o r m u l a  f o r  l i q u e f i e d  p e t r o l e u m  g a s  b u t  r a t h e r  t o  i n d i c a t e  t h a t  
t h e  u s e  o f  l i q u e f i e d  p e t r o l e u m  g a s  i n  t h e  t r a n s p o r t a t i o n  and 
p e t r o c h e m i c a l  i n d u s t r i e s  g i v e s  a  h i g h e r  p r i c e  f o r  t h e  p r o d u c t  
t h a n  d o e s  i ts  u s e  i n  o t h e r  m a r k e t s .  
TABLE 4 Share  o f  l i q u e f i e d  p e t r o l e m  gas in the major  markets  in 1980 
End-uses USA Japan Europe Substitutes C-Factor 
Domestic/commercial 32.27 42 49 N. Gas or LNG 0.92 
Automobile 
manufacture 5.58 2.0 -- N. Gas or LNG 0.92 
Industry 5.98 29.0 27 (F.0.c N. Gas) 0.70-0.92 
Gasoline production 19.31 9.0 9 Gasoline 1.12 
Petrochem~cab 27.28 11.5 12 Naphtha 1.16 
Utility and 
miscellaneous 9.58 6.5 3 N. G a s  or LNG 0.92 
QThe prlce of LPG = share of the substitute x price of substitute (USS/tonnes) X 
C-factor. The C-factor is the ratio of Btu's per ton of LPG over Btu's per ton of the 
subatltute and, in the case of gasoline, the ratio of barrels per ton of LPG over 
barrels per ton of gasoline. It is assumed that  in industry LPG will substitute 70% 
of the fuel oil rued by heavy induatry and 30% of the clean fuel. LNG, used by light 
industry (food. glass. etc.). The breakeven cost of wing naphtha feedstocks via- 
a-vis LPG was assumed to be 1.12 based on a medium-sized plant. For the price of 
LNG on the east coast of the USA. the cost of Canadian pipeline gas was used 
(USS4.47/MMBtu); in the Gulf area. the cost of Mexican pipeline gas was used 
(USS4.712/MMBtu). Product prices are  average spot prices for 1979 in the 
respective markets. 
Summary  
The p r i c e  of  l i q u e f i e d  pe t ro leum g a s  s h o u l d  be e q u a l  t o  t h e  
p r i c e s  of  s u b s t i t u t e s .  However, unnecessa ry  u s e  of  l i q u e f i e d  
p e t r o l e u m  g a s ,  such a s  b o i l e r  f u e l ,  s h o u l d  be phased o u t  and 
i t s  u s e  s h o u l d  be l i m i t e d  t o  t h e  t r a n s p o r t a t i o n  and p e t r o c h e m i c a l  
s e c t o r s .  The p r i c e  shou ld  be  a d j u s t e d  t o  be e q u a l  t o  t h e  p r i c e s  
o f  i t s  c o m p e t i t o r s  i n  t h e s e  two s e c t o r s  o n l y .  
I f  t h i s  cou ld  be a g r e e d  upon between p r o d u c e r s  and consumers ,  
major  i n v e s t m e n t  by p r o d u c e r s  i n  t h e  development o f  t h e  l i q u e f i e d  
p e t r o l e u m  gas  i n d u s t r y  would t a k e  p l a c e .  T h i s  i n c r e m e n t a l  
s u p p l y  would, i n  t u r n ,  h e l p  t h e  e n e r g y  b a l a n c e .  
I have t r i e d  t o  o u t l i n e  h e r e  t h e  p o t e n t i a l  growth t h a t  
c o u l d  t a k e  p l a c e  i f  a n  economic i n c e n t i v e  were g i v e n  t o  p r o d u c e r s  
t o  deve lop  t h e  g a s  i n d u s t r y ,  th rough  t h e  development  o f  a  p r i c i n g  
mechanism f o r  l i q u e f i e d  pe t ro leum g a s  t h a t  would be f a i r  and 
e q u i t a b l e  t o  bo th  t h e  p roducers  and t h e  consumers.  
THE DEEP EARTH GAS HYPOTHESIS 
Thomas Gold and Steven Soter 
Center for Radiophysics and Space Research, CorneN University, 
Irhaca, New York, USA 
Abiogenic gases, i n o l ~ Z i n a  nethaze, emerging from deep ui th in  
the Ecrth appear t o  in,YZuencs the ear thquke process. A b e t t e r  un- 
derstanding of the necnrrr.ism uni pa thays  of the degassing process 
mg lead t o  inpwved crrrtitqlake predictions t o  the discovery of 
major ~ t u r ? ~ L  gas r e semes .  
Volcan ic  e r - i p t i o n s  a r e  'known t o  supp ly  carbon d i o x i d e ,  wa te r  vapor ,  and 
l e s s e r  amounts of  o t h e r  gases  t o  t h e  E a r t h ' s  a tmcspnere .  Over g e o l o g i c a l  t ime  
t h i s  h a s  undoubtedly  been an impor t an t  means of d e g a s s i n g  t h e  i n t e r i o r  of t h e  
E a r t h  t o  eupply  t h e  v o l a t i l e s  t h a t  c o n s t i t u t e  t h e  a tmosphere  and oceans  a s  
w e l l  a s  t h e  ca rbon  i n  t h e  b i o s p h e r e  and sediments .  But t h e r e  i s  now ev idence  
t h a t  such  d e g a s s i n g  a l s o  o c c u r s  i n  non-volcanic  r e g i o n s ,  where deep c r u s t a l  
f a u l t s  can  p r o v i d e  a  pathway t o  t h c  s u r f a c e .  I n  such r e g i o n s ,  t h e  i n t e r i o r  
g a r c s  can m i g r a t e  upward a t  a  modest r a t e ,  punctuated o c c a s i o n a l l y  by l a r g e r  
outbursts durJing major  ea r thquakes .  We b e l i e v e  t h a t  t h e  movement of such  
g a s e s  is t h e  pr imary phenomenon u n d e r l y i n g  a  wide r a n g e  of  known e a r t h q u a k e  
p r e c u r s o r y  e f f e c t s  and t h a t  i t  p l a y s  a  s i g n i f i c a n t  r o l e  i n  t h e  a c t u a l  t r i g g e r i n g  
of ea r thquakes .  Fur thermore ,  t h e r e  is r e a s o n  t o  b e l i e v e  t h a t  a  s i g n i f i c a n t  
f r a c t i o n  of  tk.e gas emerging from t h e  E a r t h ' s  i n t e r i o r  is  a b i o g e n i c  methane. 
The composi t ion of t h e  emerging deep  E a r t h  gas  is a  d i f f i c u l t  q u e s t i o n ,  a s  
t h e  o b s e r v a t i o n a l  ev idence  is  s c a n t y  and n o t  e a s i l y  i n t e r p r e t e d .  The g a s e s  
observed i n  v o l c a n i c  emiss ions  a r e  dominated by H 0  and C02, b u t  CO, CHq, 2  NH3' 
H2, HiS and o t h e r s  a r e  f r equenz ly  d e t e c r e d .  However, i t  i s  n o t  p o s s i b l e  t o  
deduce d i r e c t l y  from such s b s e r v a t i o n s  t h e  i n i t i a l  gal' c o ~ p o s i s i o n  a t  dep th .  
because (1 )  an unk-.ovn p:-oportion o f  t!~e v o l c a n i c  ;as nay c o n s i s t  of  v o l a t i l e s  
r e c y c l e d  f r o ?  : r u s t a l  s ed imen t s  r z y ~ c r  t han  j - v e n i l e  gas a r r i v i n g  f o r  t h e  f i r s t  
t ime  f rom t h e  m a n t l e ;  ( 2 )  hydrogen- r i ch  ( r educed)  g a s e s  w i l l  have  been m o s t l y  
o x i d i z e d  in t h e  l i q u i d  magma on t h e  way t o  t h e  s u r f a c e ;  and (3 )  most of t h e  
gas  samples  have  been a c q u i r e d  d u r i n g  :he mcre q u i e s c e n t  (and s a f e r ! )  phases  
of  a c t i v i t y ,  b u t  t h e s e  may be c h e m i c a l l y  u n r e p r e s e n t a t i v e  of  t h e  g r e a t e r  
volumes e m i t t e d  in e x p l o s i v e  e r u p t i o n s .  
Gases  r e l e a s e d  d u r i n g  e a r t h q u a k e s  a r e  p robab ly  more a c c u r a t e  samples  of  
t h o s e  p r e s e n t  in t h e  deep  crust and upper  m a n t l e .  The sampl ing  of  s u c h  g a s e s  
is o n l y  j u s t  b e g i n n i n g ,  p a r t i c u l a r l y  i n  t h e  S o v i e t  Union, and it is t o o  e a r l y  
t o  d r a v  c o n f i d e n t  c o n c l u s i o n s  from t h e  d a t s .  Undoubtedly ,  t h e  compos i t ion  cf 
t h e  deep  E a r t h  g a s e s  v a r i e s  w i t h  g e o g r a p h i c a i  l o c a t i o n ,  s i n c e  t h e  d i s p o s i t i o n  
o f  m i n e r a l  d e p o s i t s  In t h e  c r u s t  s u g g e s t s  s u b s t a n t i a l  h e t e r o g e n i e t y  i n  t h e  
underlying n a n t l e .  Methane (CH,) may be  more i m p o r t a n t  in t h i s  r e s p e c t  th:,r. 
p r e v i o u s l y  r e a l i z e d .  Because  i t  is a l s o  t h e  p r i n c i p a l  c o n s t i t u e n t  qf n a t u r a l  
gas  and ,  i ndeed ,  because  t h e r e  is  t h e  p o s s i b i l i t y  t h a t  a b i o g e n i c  methane nay  
p l a y  an I m p o r t a n t  r o l e  i n h e  growth and m a i n t z i n a n c e  o f  pe t ro l eum d e p c s i t s ,  
wc wFl l  c o n c e n t r a t e  o u r  a t t e n t i o n  on i t  h e r e .  But t h i s  is n o t  t o  min imize  t h e  
p o s s i b l e  Impor t ance  of  t h e  o t h e r  deep  Larch  gases i n  t h e  e a r t h q u a k e - r e l a t e d  
phenomena t o  b e  d i s c u s s e d  l a t e r .  
The n o t i o n  o f  a b i o g e n i c  methane r u n s  c o u n t e r  t o  t h e  p r e v a i l i n g  view in 
p e t r o l c m  geo logy  t h a t  v i r t u a l l y  a l l  t h e  o i l  and  n a t u r a l  g a s  In t h e  E a r t h  is  
of  b i o l o g i c a l  o r i g i n .  Ln t h a t  view, t h e  carbosl i n  t h e  hydroc t rbon  f u e l s  was 
a l l  o r i g i n a l l y  d e r i v e d  f rom a t m o s p h e r i c  CO, and t h e  ene rgy  t o  d i s s o c i a t e  t h e  
& 
CO =me from s u n l i g h t ,  in t h e  p r o c e s s  o f  p h o t o s > n t h e s i s  by g r e e n  p l a n t s .  l i . e  2 
b u r i a l  o f  some of  t h e s e  o r g i n i c  coc?ounds b e f o r e  they  c o u l d  becone o x i d i z e d  
would t h e n  have  p r o v i d e d  t h e  s o u r c e  m : e r i a l s  f o r  o i l  and g a s .  The re  is l i t t l e  
doubt  t h a c  t h i s  p r o c e s s  c o n t r i b u t e d  t o  t n c  ~ e n e s i s  of  much of  t h e  p e t r > l e u ~  
t h a t  has been recovered ,  but t h e r e  xay be xore  r a  t h e  ztorjr.  
l??e m o d e n  ab iogenic  t h e c y  of r c r r o l e c z  bcc ins  wi th  che observat ior .  :hat 
hydrocarbons, r a t h e r  than being e x c l u s i v e l y  b iogenic ,  a r e  t h e  dcminant carbon 
c o n t a i n i n g  molecules  Fn t h e  s o l a r  system. Thc u n i v e r s e  i s  made mostly of 
hydrogen, and t h e  evidence of cosmochemistry sugges t s  c h a t  t h e  Ear th  o r i g i n a l l y  
condensed o u t  of a hydrogen-saturated s o l a r  nebula. ?lost m e t e o r i t i c  carbon i s  
in t h e  form of complex hydrocarbons having some chemical s i m i l a r i t i e s  t o  o i l  
t a r s .  The Earth may w e l l  have acqui red  most of i t s  carbon Fn t h e  form of such 
hydrocarbons. The p r i m i t i v e  atmosphere was a  reducing one and probably conta ined  
most of i ts  carbon Fn t h e  f o m  of mechane. The e a r l y  s t a g e s  of l i f e  on Ear th  
a r e  thought t o  have r e q u i r e d  such a n  amosphere .  With t h e  subsequent product ion 
of oxygez by photosynthes i s ,  t h e  t e r r e s t r i a l  a n c s p h e r e  g r a d u a l l y  a t t a i n e d  i ts  
p r e s e n t  oxygen-rich composi t ion,  znd i t  I-. t h a t  f a c t  which today makes hydro- 
ca rbons  such a  u ~ e f u l  source  of c n e n i c s l  energy,  i . e . ,  a combust ible  f u e l .  
What is t h e  f a t e  of  t h e  h r t h ' s  p r h o r d i a l  supply of tydrocarbons?  We 
c3n sugges t  t h e  fo l lowing  nypothes i s .  Buried under c o n d i t i o n s  of e lcva tcd  
p r e s s u r e s  a n d  t empera tures ,  t h e s e  hydrocarbons l i b e r a t e  methane and t h i s  gas ,  
o f t e n  t o g e t h e r  v i t h  o t h e r s ,  t ends  t o  migra te  upward toward t h e  s u r f a c e ,  pre- 
f e r e n t i a l l y  a long  zones of v e a k e s s  in t h e  c r u s t ,  l e a v i n g  t h e  bulk of t h e  
heavy hydrocarbons behind. hhere t h e  pathway l c a a s  thr3ugh t o t  v o l c a n i c  l a v a ,  
t h e  CH4 w i l l  be ox id ized  t o  CO j u s t  b e f o r e  e n t e r i n g  t h e  aimosphere. Wncrc t h e  2 
pathway al lowe a p r e s s u r e  r e d u c t i o n  Fn a c o o l e r  non-molten reg ion  (as  along a  
c o l a  f a u l t ) ,  t h e  gas can reach  t h e  s u r f a c e  ia i t s  o r i g i n a l  reduced s t a t e  
(a l though  i t  w i i l  no:: s u r v i v e  as such f o r  n o r e  tban a  few years  i n  t h e  osygen- 
r i c h  a m o s p h e r e ) .  Other patiways w i l l  causc some of t h e  methane co be t rapped 
te?nporarily beneath r e l a t i v e l y  Fnpemeable s t r a t a ,  vnere  i t  can c o n t r i b u t e  t o  
t h e  b ~ o v n  d e p o s i t s  of n a t u r a l  gas. And, f i n a i l y ,  some methane, on pathways 
d i f f u s h g  i t  through h y ~ r o c a r b o n  d e p o s i t s  ( inc lud ing  b iogenic  o i l s )  may be  
t rapped by a chemical  aupez :a t iou  (po1,periza:ion) t o  those  hydrocarbons. 
Hoet of  t h e  carbon in t h e  upward m i g r a t i n g  methane w i l l  e v e n t u a l l y  e n t e r  
t h e  atmoephere,  e i t h e r  d i r e c t l y  a s  methane o r  o x i d i z e d  a s  C02. From t h e  atmo- 
s p h e r e ,  t h e  C02 w i l l  be d i s s o l v e d  and p r e c i p a t e d  th rough  t h e  oceans .  The 
E a r t h ' s  c r u s t a l  r o c k s  c o n t a i n  an enormous q u a n t i t y  of ca rbon ,  most ly  in t h e  
form of sed imen ta ry  l imes tone .  Carbon i s  much more c o n c e n t r a t e d  i n  t h e  s e d i -  
ments t h a n  i n  t h e  igneous  r o c k s  from which t h e  sed imen t s  d e r i v e d ;  t h i s  "excess"  
carbon must have been brought  t o  t h e  s u r f a c e  i n  t h e  form of C02 and CH degassed 4  
from t h e  i n t e r i o r ,  a l t h o u g h  in what p r o p o r t i o n  between t h e s e  two gases  we cannot  
say.* We t h i n k  t h a t  a t  l e a s t  some of i t  o r i g i n a l l y  came up a s  methane, and 
c o n t i n u e s  t o  do so .  The re  is  no compe l l ing  r eason  t o  b e l i e v e  t h a t  t h e  E a r t h  
is today comple te ly  degassed of i t s  pr imary v o l a t i l e s .  I f  che amounts remaining 
below a r e  comparable w i t h  t h o s e  t h a t  have c o r e  up ,  t h e r e  i s  t h e  p o s s i b i l i t y  of 
an enormous q u a n t i t y  of  deep methane being prese: l t .  The prime r e s e r v o i r s  would 
no doubt be  t o o  deep t o  d r i l l ,  bu t  one may be a b l e  t o  i d e n t i f y  t h e  fo rma t ions  
t h a t  have guided some of t h i s  gas  t o  mora a c c e s s i b l e  l e v e l s  where i t  can be  
reached.  
An o b j e c t i o n  sometimes r a i s e d  a g a i n s t  t h e  v iewpoint  t h a t  i n o r g a n i c  hydro- 
ca rbons  e x i s t  deep i n  t h e  E a r t h  is  t h a t  such  m a t e r i a l s  would r e a d i l y  be o x i d i z e d  
i n t o  CO a t  t h e  e l e v a t e d  t empera tu res  found a t  g r e a t  de7 ths .  But t h i s  a rgunen t  2 
n e g l e c t s  two impor t an t  c o n s i d e r a t i o n s .  F i r s t l y ,  t h e  enormous c o n f i n i n g  p r e s s u r e s  
p reeen t  even a t  modest d e p t h s  f a v o r  t h e  s t a b i l i t y  of methane and o t h e r  hydro- 
ca rbons  ove r  C02 because  they t a k e  up l e s s  volume in t t r e  chemical  e q u i l i b r i u m .  
Secondly,  even i f  t h e  r o c k s  c o n t a i n  oxygen i n  r, form t h a t  could  o x i d i z e  methane, 
i t  is  on ly  i n  l i q u i d  rock  t h a t  t h i s  oxygen would be a v a i l a b l e  i n  s i g n i f i c a n t  
q u a n t i t y .  I f  t h e  pathvays  of t h e  g a s e s  a r e  conf ined  t o  f i s s u r e s  through s o l i d  
rocks ,  t h e  a c c e s s i b l e  s u r f a c e s  can y i e l d  o n l y  s m a l l  m o u n t s  of oxygen, and f o r  a  
l a r g e  supply  o f  methane t h e r e  would be l i t r l e  l o s s  t o  o x i d a t i o n .  Thus,  t h e  
o b s e r v a t i o n  t h a t  most carbon i n  v o l c a n i c  g a s e s  is  i n  t h e  form of  C02 and no t  
CH4 does  n o t  t e l l  u s  a n y t h i n g  about  hov i t  o r i g i n a t e d .  because  methane bubb l ing  
----- 
*cf .  Tab le  I  and F i g u r e  1. 
TABLE CARBON A\' REDUCED CARBON I N  T3E EARTH'S CRUST* 
[ i n  k i l o g r a m s  p e r  s q u a r e  c e n t i m e t e r  v e r t i c a l  column; 
t o  c o n v e r t  t o  g l o b a l  t o t a l s ,  m u l t i p l y  by E a r t h ' s  
s u r f a c e  a r e a ,  5 x 1018 a 2 1  
CRUST OF THE EARTH 
T o t a l  mass 5600 kg/cm 2 
Carbon c o n t e n t  1 7 . 5  (0.32 o f  c r u s t )  
Reduced ca rbon  3.7 (222 of  t h e  ca rbon)  
IGNEOUS AND XETAYORPHIC ROCKS 
T o t a l  m a s  5100 kg/cm2 (922 of  c r u s t )  
Carbon c o n t e n t  2 .6  (0.05; of  t h e s e  roclcs) . 
Reduced ca rbon  ** 1 . 4  (54X of t h i s  ca rbon)  
T o t a l  mass 7 470 kg/cn-  (8% of  c r u s t )  
Carbon c o n t e n t  1 5  (32 of  t h e s e  r o c k s )  
Reduced ca rbon  2 .3  (16% of  t h i s  ca rbon)  
* Data  p r i n c i p a l l y  d e r i v e d  from J .  Y. Hunt ( 1 9 7 2 ) .  D i s t r i b u t i o n  of  
c a r b o n  i n  c r u s t  o f  E a r t h .  3 ~ 1 1 .  h e r .  Assac.  Petrol. m. 2, 
2273-2277. 
**includes  e l e m e n t a l  ca rbon  
through l a v a  a t  low p r e s s u r e s  and h i g h  t empera tu res  would r e a d i l y  be  ox id ized  
i n t o  C02 i n  any c a s e .  
Another o b j e c t i o n  o f t e n  r a i s e d  a g a i n s t  a b i o g e n i c  hydrocarbons  is  based on 
t h e  r a e i o  of t h e  s t a b l e  carbon i s o t o p e s .  Of t h e  two, 12c predominates ,  b u t  a 
s m a l l  admix tu re  (about  1%)  of  t h e  h e a v i e r  i s o t o p e  "C is  always p r e s e n t  i n  
t e r r e s t r i a l  carbon s o u r c e s .  (The much r a r e r  heavy i s o t o p e  14c i s  u n s t a b l e  and 
w i l l  b e  d i s c ~ s s e d  l a t e r . )  The p r e c i s e  r a t i o  i n  t h e  abundance of 13c and "C 
v a r i e s  somewhat among d i f f e r e n t  k i n d s  of ca rbon  d e p o s i t s ,  and t h i s  is  o f t e n  
Figure  l ( a ) .  T e r r e s t r i a l  carbon budget .  The convent iona l  v i e v  t h a t  c o a l ,  
o i l ,  and gas  i s  of b i o l o g i c a l  o r i g i n ,  t h e  product  of p h o t o s y n t h e t i c  r e d u c t i o n  
of a tmospher ic  Cop i n t o  hydrocarbons vh ich  v e r e  bur ied  b e f o r e  they could be 
f u l l y  ox id ized .  The i n i t i a l  aource of the  carbon i s  assumed t o  be deep-reated 
C02 t h a t  e n t e r s  rhe atmosphere v i a  Volcanic emiss ions .  The p r i n c i p a l  s i n k  i n  
the  carbon c y c l e  i s  p r e c i p i t a t i o n  through sea  water  i n t o  sedimentary c a r b o n a t e s ,  
mainly l imes tone  (CaC03). Almost a l l  the  a tmospher ic  CHq i s  h e r e  assumed t o  
be b i o g e n i c .  
u s e d  i n  a t t e m p t s  t o  i d e n t i f y  t h e  s o u r c e s .  The c a r b o n  i n  t h e  b i o m a s s  i s  
i s o t o p i c a l l y  " l i g h t "  compared t o  t h a t  i n  a t m o s p h e r i c  C02, b e c a u s e  p h o t o s y n t h e s i s  
s e l e c t s  a g a i n s t  t h e  h e a v i e r  i s o t o p e  when p l a n t s  t a k e  up C02. The f a c t  t h a t  
c a r b o n  i n  per ro leurn  is  a l s o  d e p l e t e d  i n  13c r e l a t i v e  t o  c a r b o n  i n  a t m o s p h e r i c  
CO i s  o f t e n  c i t e d  a s  e v i d e n c e  f o r  t h e  t z . c l u s i v e l y  b i o l o g i c a l  o r i g i n  o f  o i l  2 
a n d  g a s .  
But t h i s  a r g u m e n t  is  n o t  s e c u r e ,  b e c a u s e  t h e r e  a r e  a l s o  s e v e r a l  E- 
b i o l o g i c a l  p r o c e s s e s  t h a t  c a n  s o r t  c a r b o n  i s o t o p e s .  F o r  example ,  d e p i e t i o n  of  
a  s t r e a m  of m e t h a n e  by o x i d a t i o n  e n r i c h e s  t h e  l i g h t  i s o t o p e ;  d i f f u s i o n  t h r o u g h  
w a t e r  e n r i c h e s  t h e  heavy  one .  Conplex  h y d r o c a r b o n s  t h a t  c h e m i c a l l y  r e s e m b l e  
t h o s e  i n  o i l  tar a n d  in c a r b o n a c e o u s  m e t e o r i t e s  a r e  r e a d i l y  made, a b i o g e n i c a l l y ,  
by a  m i n c r a l - c a t a l y z e d  r e a c t i o n  be tween  c a r b o n  monoxide and m o l e c u l a r  hydrogen .  
S i g n i f i c a n t l y ,  t h e  c a r b o n  i n  t h e  r e s u l t i n g  h y d r 3 c a r b o n s  is  i s o t o p i c a l l y  much 
F i g u r e  l ( b ) .  The duplex o r i g i n  theory  assumes, i n  a d d i t i o n  t o  t h e  p h o t o s y n t h e t i c  
r e d u c t i o n  of CO2, t h a t  t h e r e  i s  a  deep source  of ab iogenic  methane c o n t r i b u t i n g  
d i r e c t l y  t o  t h e  growth and maintenance of c o a l ,  o i l ,  and n a t u r a l  gas  d e p o s i t s .  
Some ab iogenic  methaneis  ox id ized  t o  C 0 2  a s  i t  reaches  t h e  s u r f a c e  through h o t  
v o l c a n i c  lava  a t  low p r e s s u r e .  But CH4 can a l s o  e n t e r  d i r e c t l y  i n t o  t h e  atmos- 
phere  through co ld  f a u l t s .  perhaps mainly d u r i n g  ear thquakes ,  p rovid ing  an 
a b i o g e n i c  c o n t r i b u t i o n  to  t h e  a tmospher ic  methane. F a u l t s  a l s o  provide  a  means 
f o r  t h e  se i r rn ic  degass ing  of deep-seated C 0 2  and o t h e r  gases .  
l i g h t e r  t h a n  t h a t  in t h e  C02 p r o d u c e d  i n  t h e  same r e a c t i o n .  T h i s  p r o c e s s ,  known 
a s  t h e  F i s c h e r - T r o p s c h  synthesis, v e r y  l i k e l y  o c c u r s  u n d e r  n a t u r a l  c o n d i t i o n s  
d e e p  i n  t h e  E a r t h  and n a y  u e l l  c o n t r i b u t e  t o  some h y d r o c a r b o n  d e p o s i t s .  
The r e l a t i v e  a b u n d a n c e  of "C i n  n a t u r a l  g a s  d e p o s i t s  shows a  g e n e r a l  
increase t h e  d e e p e r  t h e  p r e s e n t  d e p t h  o f  b u r i a l ,  r e g a r d l e s s  o f  t h e  c o m p o s i t i o n ,  
a g e ,  o r  p a s t  d e p t h  o f  b u r i a l  o f  t h e  c o n f i n i n g  r o c k .  T h i s  i s  t r u e  w h e t h e r  t h e  
g a s  ie " f r e e "  o r  a s s o c i a t e d  w i t h  p e t r o l e u m .  I n  t h e  l a t t e r  c a s e ,  t h e  i s o t o p i c  
w e i g h t  o f  t h e  m e t h a n e  b e a r s  no  r e l a t i o n  t o  t h a t  o f  t h e  o i l .  T h e s e  f a c t s  
s t r o n g l y  s u g g e s t ,  as a l s o  n o t e d  by t h e  S o v i e t  g e o c h e a i s t  E. M .  C a l i m o v ,  t h a t  
a l l  c w t a l  g a s  d e p o s i t s  vere e m p l a c e d  o n l y  r e c e n t l y ,  t h a t  t h e y  are young 
r e l a t i v e  t o  t h e  age  of t h e  c o n f i n i n g  r o c k  o r  t h e  t ime  f o r  t h a t  r o c k  t o  change 
i t s  depth .  and t h a t  t h e  g a s ,  even v h e r e  i t  i s  found v i t h  o i l ,  does n o t  have a  
common o r i g i n  v i t h  i t .  Galimov h a s  sugges ted  t h a t  methane d e p o s i t s  d e r i v e  
from d i s p e r s e d  sed imen ta ry  hydrocarbons  and t h a t  temperature-dependent  i s o t o p i c  
f r a c t i o n a t i o n  and con t inuous  l o s s  of methane would then  l e a d  t o  t h e  obse rved  
13c dep th  dependence. But,  in our  view. a  gas  d e p o s i t  cou ld  j u s t  a s  w e l l  be  
emplaced by a n  upward n i g r a t i n g  s t r eam of a b i o g e n i c  methane v h i c h ,  w i t h  p rope r  
c a t a l y s t s .  would g r a d u a l l y  be d e p l e t e d  of i t s  13c by o d i x a t i o n  and i s o t o p e  
exchange on i t s  way up. U n f o r t u n a t e l y ,  no t  e n o u ~ h  i s  y e t  knovn about  t h e  
r e l e v a n t  p r o c e s s e s ;  t h e  compl i ca t ed  carbon i s o t o p e  s t o r y  can  b e  i n t e r p r e t e d  i n  
t o o  many ways t o  d e c i d e  whether  o r  n o t  some methane i n  n a t u r a l  gas  d e p o s i t s  
i s  a b i o g e n i c .  But in any c a s e ,  t h e  d e p t h  dependence shows t h a t  t h e  gas  h a s  
o n l y  a  s h o r t  r e s i d e n c e  t ime in t h e  c r u s t a l  r o c k s ,  and t h a t  a  mucn l a r g e r  r a t e  of 
o u t f l o w  h a s  t o  be supposed t h a n  was cons ide red  p r e v i o u s l y .  
F i n a l l y ,  i t  i s  o f t e n  s a i d  t h a t  t h e  p resence  of po rphyr ins  and o t h e r  ~polecu-  
l a r  r e s i d u e s  of l i v i n g  organisms in many o i l  fo rma t ions  is proof t h a t  a l l  t h e  o i l  
was d e r i v e d  from t h e  decay of o r g a n i c  sed imen t s .  But many sed imen ta ry  rocks  
( i n  t h e  p o r o s i t y  of which o i l  is n o s t  commonl~ found)  a r c  r i c h  In b i o l o g i c a l  
r e s i d u e s .  I f  such  rock is invaded from below by a b i o g e n i c  o i l  and i s  l e f t  r o  
soak  f o r  a  few m i l l i o n  y e a r s  a t  e l e v a t e d  t empera tu res  and ? r e s s u r c s ,  i t  would 
b e  d i f f i c u l t  t o  p reven t  :he con tamina t ion  of t h a t  o i l  by b i o l o g i c a l  s u b s t a n c e s  
d e r i v e d  from t h e  s e d i m e n t s .  
The chemis t  S i r  Rober t  Robinson h a s  w r i t t e n  t h a t  "it canno t  be t o o  s t r o n g l y  
anphac ized  t h a t  pe t ro l eum does  n o t  p r e s e n t  r h e  compos i t ion  p i c t u r e  expec ted  of  
m o d i f i e d  b i o g e n i c  p r o d u c t s ,  and a l l  t h e  arguments  from t h e  c o n s t i t u e n t s  o f  
a n c i e n t  o i l s  f i t  e q u a l l y  w e l l ,  o r  b e t t e r ,  w i t h  t h e  c o n c e p t i o n  of a  p r i m o r d i a l  
hydrocarbon p i r t u r e  t o  which b io -p roduc t s  have been  added." Indeed ,  we do 
n o t  b e l i e v e  tbar a n y  of  t h e  e v i d e n c e  u s u a l l y  invoked in f a v o r  o f  an e x c l u s i v e l y  
b i o l o g i c a l  o r i g i n  f o r  p e t r o l e u m  is compe l l ing .  The p i c t u r e  t h a t  we f a v o r  is  one  
of a  d u p l e x  o r i g i n ,  w i t h  some pe t ro l eum made d i r e c t l y  from b u r i e d  o r g a n i c  
sediments  and a (probably l a r g e r )  porcion der ived  a b i o g r n i c a l l y .  
The l a t ~ e r  process  may involve  t h e  c h d c a l  augnenta t ion  of e x i s t i n g  
hydrocarbon d e p o s i t s  from a s t ream of ab iogenic  methane. This  i s  s t i l l  
h y p o t h e t i c a l ,  but methane, u s u a l l y  assumed to be chemical ly i n e r t ,  may w e l l  b e  
a b l e  t o  p o l p e r i z e  i n t o  crude o i l  under s u i t a b l a  condi t ions  of temperature,  
p ressure ,  and c a t a l y t i c  a c t i o n  ( inc lud ing  perhaps microbiology).  I f  t h i s  indeed 
occurs ,  then an ascending s tream of methane i n  a  given geographical  reg ion  could 
s lowly au!gment e x i s t i n g  hydrocarbon d e p o s i t s  (of o i l  and perhaps even c o a l )  
a t  d i f f e r e n t  l e v e l s  in t h a t  sane region.  The process  need n o t  be  very  e f f i c i e n t ;  
even i f  most of t h e  gas is  not  cap tured  bur goes on up t o  escape a t  t h e  s u r f a c e ,  
s t i l l  a modest f l u x  p e r s i s t i n g  over g e o l o g i c a l  per iods  of time could d e p o s i t  
an enormous mass of hydrocarbons. The process  would resemble m i n e r a l i z a t i o n ,  in 
which high grade o r e  is  p r e c i p i t a t e d  our  a  long-l ived scream of hydro thema1 
f l u i d s .  
The chemical augmentation of hydrocarbon d e p o s i t s  would nave a p o s i t i v e  
feedback, because t h e  l a r g e r  t h e  a c c ~ m u l a t i o n  the  more probable t h e  c a p t u r e  of 
a  r i s i n g  merhane molecule. This  might h e l p  c z p l a i n  vhy t h e  few l a r g e s t  p e t r o l e m  
f i c l d s  a r e  s o  enormous compared t o  a l l  t h e  r e s t .  Of t h e  many thousands of 
connnercial o i l  f i e l d s ,  a  mere 33 F i e l d s  (25 of thcm i n  a  s i n g l e  region-the 
Middle Eas t )  contain about ha l f  of t h e  wor ld ' s  known recoverable  crude o i l .  
Th is  process  would f u r t h e r  account f o r  t h e  presence of biogenic molecules 
in most crude o i l s .  The primer d e p o s i t s  t h a t  comence t h e  process  a r e  l i k e l y  
t o  be biogenic o i l y  substances such a s  o f t e n  occur  in many sedimentary l a y e r s .  
Even a s l i g h t  concent ra t ion  af such hydrocarbons would favor  t h e  growth of a  
given l a y e r  over  those  ad jacen t  t o  i t ,  due t o  t h e  p o s i t i v e  feedback mechanism. 
Without t h e  methane augmentation process ,  m n y  such biogenic d e p o s i t s  would 
remain i n s i g n i f i c a n t ,  but  in a r e a s  where methane is f lok ing  from deep sources  
they can  grow i n t o  l a r g e  o i l  f i e l d s .  
The upward s treaming methane t h a t  is n e i t h e r  oxidized in volcan ic  reg ions  
nor  entrapped in p e t r o l i f e r o u s  d e p o s i t s  w i l l  e n t e r  t h e  atmosphere, where i t  
ought t o  be d e t e c t a b l e .  It w i l l  n o t  c o n t a i n  any of t h e  heavy carbon i s o t c p e  
14c, a  f a c t  t h a t  can h e l p  i n  d is : inguishing i t  from methane of r e c e n t  b i o l o g i c a l  
o r i g i n .  Atmospheric C02 c o n t a i n s  some "c, which is  produced when cosmic r a y s  
c o l l i d e  w i t h  a tmospher i c  n i t r o g e n .  Through p h o t o s y n t h e s i s ,  14c g e t s  lnco rpor -  
a t e d  i n t o  t h e  biomass.  I t  i s  a b s e n t  from o i l  and gas  s i n c e  i t  decays  wi th  a  
h a l f - l i f e  on o n l y  5800 yea r s .  ?lost  of  t h e  a t n o s p h e r i c  CII4 i s  produced by known 
b i o l o g i c a l  s o u r c e s  ( m i c r o b i a l  f e rmen ta ion  i n  paddy f i e l d s ,  swdaps, and ruminzn t s ,  
w i t h  a  t u r n o v e r  t ime  no t  exceed ing  a few y e a r s ) ;  t h e  known non-b io log ica i  s o u r c e s  
(mainly  from i n d u s t r i a l  p o l l u t i o n )  c o n t r i b u t e  much l e s s .  Thus. a tmospher i c  
methane ought  t o  have n e a r l y  t h e  same 'c cor : cen t r a t ion  a s  t h e  biomass from 
which most of i t  thought  t o  b e  d e r i v e d .  I n s t e a d ,  t h e r e  i s  some i n d i c a t i o n  t h a t  
it may be  d e f i c i e n t  by a s  much a s  20;:. I f  r e a l ,  t h i s  d e p l e t i o n  may be  exp1,ined 
by t h e  n a t u r a l  emiss ion  of deep methane bo th  by g r a d u a l  s eepage  and s e i s m i c  
e r u p t i o n s .  Atmospheric methane is  p r e s e n t  a t  about  1 . 5  p a r t s  pe r  m i l l i o n  and i t  
is t hough t  t o  have a  l i f e t i m e ,  p r i o r  t o  o x i d a t i o n ,  a €  abou t  f i v e  t o  seven y c a r s .  
C a r e f u l  m o r ~ i t o r i n g  of t h e  g l o b a l  a t a o s p h c r i c  methane c o n c e c t r a t i o n  a s  w e l l  a s  of  
any changes  in i t s  i s o t o p i c  abundances . ( f o r  bo th  13c and 1 4 c )  vou ld  be most 
u s e f u l .  
L e t  u s  now examine some of t h e  mcre l o c a l  ev iuence  f o r  t h e  e scape  of  
such  methane from t h e  i n t e r i o r  o f  t h e  E a r t h .  An impor t an t  p l a c e  t o  l o o k  is  
a l o n g  t h e  c r u s t a l  f a u l t s  and f i s s u r e s  of t h e  t e c t o n i c  p l a t e  boundar i e s ;  t h e s e  
ought  t o  p r o v i d e  t h e  b e s t  a c c e s s  t o  t h e  deep i n t e r i o r .  And i ndeed ,  hydrocarbons  
appea r  t o  be  c l e a r l y  a s e o c i a t e d  w i t h  such p l a c e s .  For example, l a r g e  concen t ra -  
t i o n s  of  d i s s o l v e d  methane have been measured i n  w a t e r s  o v e r l y i n g  p l a t e  boun- 
d a r i e s  end r i f t  zones .  The deep  b r i n e s  of t h e  Red Sea c o n t a i n  about  1000 t imes  
a s  much methane as normal S ~ I  v a t e r .  Hydrothermal plumes found i s s u i n g  from 
s e a f l o o r  v e n t s  on  t h e  E a s t  P a c i f i c  R i s e  c o n t a i n  h igh  c o n c e n t r a t i o n s  of methane 
t o g e t h e r  With hydrogen and 3 ~ e ,  i n d i c a t i n g  a  deep a b i o g e n i c  s o u r c e  f o r  t h e  
gases .  Lake Rivu, v h i c h  o c c u p i e s  p a r t  of  t h e  Eas t  A f r i c a n  R i f t  Va l l ey ,  c o n t a i n s  
some 50 m i l l i o n  t o n s  of  d i s s o l v e d  methane, f o r  which t h e r e  i s  no adequa te  
m i c r o b i n l  sou rce .  We s u r p e c t  t h a t  t h e s e  v a t e r s  a r e  a l l  s u p p l i e d  by a b i o g e n i c  
methane s e e p i n g  up th rcugh  deep c r u s t a l  f i s s u r e s .  
Another l i n e  of  evidence c o n n e c t i n g  ab iogen ic  hydrocarbons  wfth  such f e a t u r e s  
is t h e  s t r i k i n g  c o r r e l a t i o n  be tveen  major  o i l  and gas  producing r e g i o n s  and t h e  
p r i n c i p a l  zones  of  p a s t  and p r e s e n t  s e i s m i c  a c t i v i t y .  Even on t h e  l o c a l  s c a l e ,  
o i l  f i e l d s  o f t e n  l i e  a long  a c t i v e ,  o r  ove r  a n c i e n t ,  f a u l t  l i n e s .  Most of  t h e  
)mown n a t u r a l  s e e p s  of o i l  and gas  a r e  found i n  s e i s m i c a l l y  a c t i v e  r e g i o n s .  The 
most s p e c t a c u l a r  gas  s e e p s  a r e  t h e  so -ca l l ed  "mud volcanoes" ,  which a r e  h i l l s  o r  
sometimes s u b s t a n t i a l  mounta ins  o f  mud b u i l t  u: by t h e  i n t e r m i t t a n t  and sometimes 
v i o l e n t  e r u p t i o n s  of n a t u r a l  g a s ,  o f t e n  a lmos t  pu re  methane. The re  a r e  s c o r e s  
of mud v o l c a n o e s  h o v n  and a lmos t  a l l  occur  on o r  n e a r  p l a t e  boundar i e s ,  i n  
p l a c e s  such a s  T r i n i d a d ,  Nev Zeal.lnd, Indones ia ,  Duma. P a k i s t a n ,  I r a n ,  and 
I t a l y .  I n  any one  r e g i o n ,  groups of them tend t o  l i e  a long  l o c a l  f a u l t  l i n e s .  
The w o r l d ' s  l a r g e s t  a c t i v e  mud vo lcanoes  a r c  nea r  Baku i n  S o v i e t  Aze rba i j an .  
One r e c e n t  e r u p t i o n  t h e r e  produced a  f l ame  t h a t  i n i t i a l l y  s h o t  up t o  a  h e i g h t  
of s e v e r a l  k i l o m e t e r s  and burned some 200,000 ton: of methane. Major e r u p t i o n s  
o f  mud vo lcanoes  f r e q u e n t l y  c o i n c i d e  v i t b  ea r thquakes .  
I n  s e i s m i c a l l y  a c t i v e  r e g i o n s ,  many thousands  of v i o l e n t  e a r t h q u a k e s  a r e  
l i k e l y  t o  o c c u r  In t h e  c o u r s e  of a f e v  m i l l i o n  y e a r s .  One might  a t  f i r s t  expec: 
t h a t  t h e  r e p e a t e d  f r a c t u r i n g  of t h e  r o c k s  in such p l a c e s  vou ld  have r e l e a s e d  
o r  s t r o n g l y  d e p l e t e d  any nea rby  accumula t ions  of o i l  and gas in t i m e s  s h o r t  
compared t o  i h e  age  of  the c o n f i n i n g  s t r a t a .  The f a c t  t h a t  o i l  and g a s  f i e l d s  
show, on t h e  c o n t r a r y ,  a  p r e f e r e n t i a l  a s s o c i a t i o n  v i t h  such ear thquake-prone 
r e g i o n s  s u g g e s t s  t o  u s  t h a t  t h e  deep  f a u l t s  may p rov ide  a  c o n d u i t  f o r  t h e  
c o n t i n u o u s  i n p u t  of a b i o g e n i c  methane s t r e a m i n g  up from be lov .  Fur thermore ,  
t h e  upward m i g r a t i o n  of methane and o t h e r  g a s e s  i n  f a u l t  zones  may p l a y  a n  
i m p o r t a n t  r o l e  in t h e  a c t u a l  t r i g g e r i n g  o f  ea r thquakes .  
An e a r t h q u a k e  is due t o  t h e  r e l e a s e  of s t r e s s  in che s u b s u r f a c e  rock  by a  
sudden b r i t t l e  f r a c t u r c ,  i n v o l v i n g  t h e  r a p i d  p ropaga t ion  of a  c r a c k ,  and t h e  
e l a s t i c  rebound o r  s l i p p a g e  be tveen  t h e  two s i d e s .  (The s t r e s s  may accumulate  
due t o  s low v i s c o u s  mot ions  i n  t h c  m a n t l e ,  which a r e  t i iought t o  gcrrera te  a l l  t h e  
phenomena of  p l a t e  t e c t o n i c s ,  i n c l u d i n g  e a r t h q u a k e s . )  S e i s m o l o g i s t s  have l o n g  
r ecogn ized  a  d i f f i c u l t y  i n  a c c o u n t i n g ' f o r  deep e a r t h q u a k e s .  At a  dep th  of more 
than  about  f i v e  k i l o m e t e r s ,  t h e  p r e s s u r e  due t o  t h e  overburden of rock  i s  s o  
g r e a t  t h a t  a . c r a c k  cannot  open up by i t s e l f .  I n s r e a d  of b reak ing  suddenly  by 
b r i t t l e  f r a c t u r e ,  rock  a t  t h e s e  p r e s s u r e s  s imply deforms when e x c e s s i v e  s h e a r  is 
a p p l i e d .  P.: even g r e a t e r  d e p t h s ,  t h e  i n c r e a s e  i n  t e m p e r a t u r e  f u r t h e r  r educes  
t h e  s h e a r  s t r e n g t h  of rock. Cont inuous  p l a s c i c  f low would r e l i e v e  t h e  s t r e s s  
l o n g  b e f o r e  any f r a c t u r e  cou ld  e v e r  occur .  And y e t ,  e a r t h q u a k e s  a r e  known t o  
o c c u r  a t  d e p t h s  a s  g r a t  3s 700 km, and t l ~ c i r  s e i smograph ic  " s i g n a t u r e s "  s i ~ o v  
t h a t ,  l i k e  sha l low e a r t h q u a k e s ,  t hey  i n v o l v e  a  sudden d i s c o n t i n u o u s  f r a c t u r e .  
The p resence  of deep  e a r t h  gas  cou ld  r e s o l v e  t h i s  c o n t r a d i c t i o n .  I f  t h e  
deep r o c k s  in a r e g i o n  c o n t a i n  po res  h e l d  open by gas  a t  t h e  ambient p r e s s u r e ,  
t h e n  t h e  i n t e r c o n n e c t i o n  of  t h e s e  po res  can l e a d  t o  t h e  fo rma t ion  of a  c r a c k  
t h a t  remains open. The g a s  e f f e c t i v e l y  unburdens t h e  rock  a l o n g  a  n e a r l y  
f r i c t i o n l e s s  l a y e r .  D i scon t inuous  s l i p p a g e  can t h e n  occur  ( a s  would b e  t h e  
c a s e  under  low c o n f i n i n g  p r e s s u r e ) ,  and t h e  c r a c k  w i l l  p ropaga te ,  r e l e a s i n g  
t h e  s t r a i n  ene rgy  and c a u s h g  an  ea r thquake .  
If t h e  shocks  s o  c r e a t e d  a r e  s t r o n g  enough t o  f r a c t u r e  t h e  ground up t o  
t h e  s u r f a c e ,  t h i s  s ame  gas  w i l l  f i n d  a  r a p i d  e s c a p e  r o u t e ,  and w i l l  produce 
what we i n t e r p r e t  a s  t h e  gas  e r u p t i o n  e f f e c t s  t h a t  a r e  r e p o r t e d  i n  many major  
ea r thquakes .  These  e f f e c t s  i n c l u d e :  f l ames  seen  s h o o t i n g  from t h e  ground; 
"ea r thquake  l i g h t s " ;  f i e r c e  bubb l ing  i n  b o d i e s  of  wa te r ;  s t i f l i n g  o r  s u l f u r o u s  
a i r ;  l oud  e x p l o s i v e  and h i s s i n g  n o i s e s ;  and " v i s i b l e  waves" s e e n  s l o w l y  r o l l i n g  
a l o n g  a l l u v i a l  ground. W e  have c o l l e c t e i ,  hundreds  of independent  r e p o r t s  of 
such  phenomena, spann ing  many c e n t u r i e s ,  and from a l l  p a r t s  of t h e  world ,  and 
t h e s e  show a  r emarkab le  c o n s i s t e n c y .  Only a  s m a l l  sampl ing can b e  g iven  he re .  
The f l aming  phenomenon i n d i c a t e s  t h a t  some of t h e  g a s  e r u p t i n g  d u r i n g  
ea r thquakes  is combus t ib l e ,  most l i k e l y  methane o r  hydrogen. One of t h e  more 
v i o l e n t  e a r t h q u a k e s  e v e r  r eco rded  i n  North America o c c u r r e d  on February  5 ,  1663, 
a l o n g  t h e  S t ,  Lawrence River  i n  Quebec. French J e s u i t  m i s s i o n a r i e s  r e p o r t e d  
t h a t  d u r i n g  t h e  shocks ,  t h e r e  emanated f r o n  t h e  ground " f i e r y  t o r c h e s  and g l o b e s  
of flame-now r e l a p s i n g  i n t o  t.hc e a r t h ,  nov var!.shing i n t o  t h e  v e r y  a i r  l i k e  
bubb les . "  L e s t  t h i s  be r ega rded  a s  f a n t a s y  o r  exaggera t ion ,  t h e r e  e x i s t  s c o r e s  
of s i m i l a r  d e s c r i p t i o n s  from o t h e r  ea r thquakes .  Thus, a c c o r d i n g  t o  contemporary  
ncvspaper  a c c o u n t s  of t h e  Ovens Va l l ey  cnrchquake o f  !,larch 26. 1872 ( t h e  most 
v i o l e n t  ea r thquake  eve r  r eco rded  i n  C a l i f o r n i a ) ,  "Irmnediately f o l l o w i n g  t h e  
g r e a t  shock,  men, whose judgment and v e r a c i t y  is beyond q u e s t i o n ,  w h i l e  s i t t i n g  
on t h e  ground n e a r  t h e  E c l i p s e  mine, saw s h e e t s  of f lame on t h e  rocky s i d e s  of 
t h e  Inyo mountains  bur a  h a l f  m i l e  d i s t a n t .  These f lames,  observed i n  s e v e r a l  
p l a c e s ,  waved t o  and f r o  a p p a r e n t l y  c l e a r  of  t h e  ground, l i k e  v a s t  t o r c h e s ;  
t h e y  con t inued  f o r  o n l y  a  few minutes ."  
Such a c c o u n t s  can r e a d i l y  b e  e x p l a i n e d  i f  t h e s e  ea r thquakes  l i b e r a t e d  l a r g e  
q u a n t i t i e s  of combus t ib l e  g a s ,  under h i g h  p r e s s u r e .  t h rough  f i s s u r e s  in t h e  
ground. The g a s  w i l l  be  s e l f - i g n i t i n g  from s p a r k s  g e n e r a t e d  by t h e  e l e c t r o s t a t i c  
c h a r g i n g  of  d u s t  g r a i n s  c a r r i e d  a long  i n  t h e  f low.  T h i s  is  t h e  same aechanism 
t h a t  c a u s e s  e r u p t i o n s  of mud vo lcanoes  t o  b u r s t  spon taneous ly  i n t o  f lame.  The 
r e a l i t y  of t h e  f l ames  in such  ea r thquake  ?:eports is  v e r i f i e d  by t h e  p h y s i c a l  
ev idence  sometimes l e f t  behind. For example,  d u r i n g  t h e  Sonora (?lexica) e a r t h -  
quake of  May 3 .  1887,  t h e r e  were many r e p o r t s  of f lames.  and a f t e r w a r d s  b u r n t  
b ranches  were  d i s c o v e r e d  ove rhang ing  f i s s u r e s  i n  t h e  ground. 
The f1;rming phenomenon, when s e e n  a t  a  d i s t a n c e  of  a  few k i l o m e t e r s ,  may 
a l s o  be r e s p o n s i b l e  f o r  some of  t h e  "ea r thquake  l i g h t s "  which a r e  f r e q u e n t l y  
r e p o r t e d  d u r i n g  s e i s m i c  shocks  o c c u r r i n g  ar: n i g h t .  These  a r e  u s u a l l y  d e s c r i b e d  
a s  h e m i s p h e r i c a l  glows on t h e  h o r i z o n ;  some of t h e s e  have been photographed.  
O the r  k i n d s  of ea r thquake  l i g h t s ,  i n c l u d i n g  s h a r p  f l a s h e s ,  " f i r e b a l l s " ,  and 
d i f f u s e  l u m i n o s i t y  i n t h e  sky ,  may be  due t o  e l e c t r o s t a t i c  e f f e c t s  from t h e  
sudden emiss ion  of gas  i n t o  t h e  a tmosphere .  
The rc  a r e  a  g r e a t  many a c c o u n t s  of  t h e  v igo rous  bubb l ing  of t h e  s e a  o r  
o t h e r  b o d i e s  of w:ter d u r i n g  major ea r thquakes .  For  example, d u r i n g  t h e  g r e a t  
Chi lean  ea r thquake  of ?lay 22 ,  1960,  obser \ .ers  on t h e  s h o r e  ove r  a  r ange  of  
450 Ian r e p o r t e d  t h a t  t h e  s e a  appeared t o  be " b o i l i n g " .  T h i s  i s  p r e c i s e l y  what 
one would e-xpect i f  l a r g e  q u a n t i t i e s  of  g a s  v e r e  l i b e r a t e d  d u r i n g  t h e  ea r thquake .  
F r e q u e n t l y ,  a s u l f u r o u s  odor  is  r e p o r t e d  t o  l i n g e r  in t h e  a i r  a f t e r  a = r e n t  
ea r thquake .  Methane i t s e l f  i s  o d o r l e s s ,  b u t  hydrogen s u l f i d e  is a  common 
c o n s t i t u e n t  of n a t u r a l  gas .  S i n c e  H,S i s  s o l u b l e  i n  wa te r  and h i g h l y  t o x i c  t o  
- 
f i s h ,  t h e  e r u p t i o n  of  n a t u r a l  gas  c o n t a i n i n g  i t  clay account  f o r  some of t h e  
many r e p o r t s  of dead f i s h  found f l o a t i n g  on t h e  wa te r  a f t e r  major  ea r thquakes  
a t  s e a .  For example,  Capt .  Fitz-Roy of  t h e  H.X.S. Beagle  (of  Char l e s  Darwin 
fame),  a t  V a l d i v i a  d u r i n g  t h e  g r e a t  ea r thquake  of  Feb. 20, 1835,  r e p o r t e d  t h a t  
" t h e  w a t e r  in t h e  bay appea red  t o  b e  eve ry  where b o i l i n g ;  bubb les  of  air, o r  
g a s ,  were r a p i d l y  e scap ing .  The wa te r  a l s o  became b l a c k ,  and exhaled a  most 
d i s a g r e e a b l e  su lphureous  sme l l .  Dead f i s h  were a l s o  thrown a s h o r e  i n  q u a n t i t i e s ;  
t hey  seemed t o  have been pc l ioned ,  o r  s u f f o c a t e d . "  
There  a r e  a l s o  many r e p o r t s  of e a r t h q u a k e s  accompanied by h i s s i n g  and 
booming n o i s e s ,  of t h e  s o r t  t h a t  might be  expzc ted  t o  accompany t h e  e r u p t i o n  
and /o r  e x p l o s i o n  of conf ined  gas .  The e x p l o s i o n s  may i n  some c a s e s  be  due t o  
t h e  p h y s i c a l  impact of g a s e s  a t  h igh  p r e s s u r e  wi th  t h e  a i r ,  a s  o c c u r s  w i t h  
e x p l o s i v e  sounds  d u r i n g  conven t iona l  v o l c a n i c  e r u p t i o n s .  During t h e  New Madrid 
ea r thquakes  of  l E l l - 1 8 i 2  ( t h e  most v i o l e n t  e v e r  r eco rded  i n  North America) ,  loud 
r o a r i n g  and h i s s i n g  n o i s e s  " l i k e  t h e  e scape  of  steam from a  b o i l e r "  v e r e  hea rd ,  
t o g e t h e r  w i t h  m u l t i p l e  e x p l o s i o n s .  F i r e s  were r e p o r t e d  i n  t h e  sky and t h e  sme l l  
of s u l f u r  f i l l e d  t h e  a i r .  The M i s s i s s i p p e  River  b o i l e d  up i n  huge s w e l l s  and 
c o n f i n e d  g a s  was seen t o  b u r s t  from i t s  s u r f a c e .  
The phenomenon of " v i s i b l e  waves" i s  obse rved  i n  many, pe rhaps  most ,  major 
e a r t h q u a k e s  t h a t  occur  i n  a l l u v i a l  ground. The s o l i d  s u r f a c e  of  t h e  e a r t h  i s  
u s u a l l y  d e s c r i b e d  a s  r o l l i n g  i n  waves r e sembl i r ;  t h o s e  a t  s ea .  A q u i t e  t y p i c a l  
d e s c r i p t i o n  of t h e  phenomenon was given by a  mining e n g i n e e r  who wi tnessed  t h e  
Sonora ea r thquake  of 1887: "These waves seened t o  b e  two f e e t  h igh ,  abou t  
twenty  f e e t  a p a r t ,  and moved a s  r a p i d l y  a s  t h e  incoming waves a l o n g  t h e  seashore . "  
A p o l i c e  s e r E e a n t  who saw t h e  San F r a n c i s c o  e a r t h q u a k e  of 1906 s a i d :  "The whole 
s t r e e t  was u n d u l a t i n g .  It was a s  i f  t h e  waves of t h e  ocean  were coming towards  
me, b i l l o w i n g  a s  t h e y  cane." Waves of such  small wavelength  and e s p e c i a l l y  w i t h  
such  l o v  p r o p a g a t i o n  v e l o c i t i e s  a s  t o  be c l e a r l y  v i s i b l e  a r e  no t  a t  a l l  e x p l a i n e d  
by c o n v e n t i o n a l  se ismology.  They a r e  much t o o  s low t o  be  e l a s t i c  waves due t o  
t h e  shock  i t s e l f .  But t h e r e  i s  no doubt  whatever  a s  t o  t h e i r  p h y s i c a l  r e a l i t y .  
Pe rhaps  t h e  phenomenon is a  k ind  of g r a v i t y  wave, l i k e  waves a t  s e a ,  bu t  
w i t h  t h e  r e l e v a n t  f l u i d  be ing  compressed gas .  As a  r e s u l t  of a  ma jo r  f i s s u r e  
i n  t h e  u n d e r l y i n g  r o c k  d u r i n g  an e a r t h q u a k e ,  a l a r g e  amount of  g a s  s h o o t s  up 
w i t h  p r e s s u r e s  t h a t  may be  of  t h e  o r d e r  of hundreds  o r  t housands  of a tmospheres .  
The a l l u v i a l  l a y e r s  cove r inn  t h e  f r a c t u r e d  bedrock a r e  l e s s  b r i t t l e  and w i l l  no t  
s o  r e a d i l y  open t o  l a r g e  f i s s u r e s .  They a c t  a s  a n  e x t r a  impediment t o  t h e  o u t -  
f lowing  g a s e s ,  whose p r e s s u r e  is e a s i l y  s u f f i c i e n t  t o  l i f t  them e n t i r e l y  by 
i n f l a t i n g  t h e  p o r o s i r y .  When s o  l i f t e d  from t h e  bedrock,  t h e  m a t e r i a l  h a s  a  
low r i g i d i t y  and is q u i r e  u n s t a b l e ;  i t  c a n  then  p ropaga te  g r a v i t y  waves. (We 
f i n d  t h a t  a  q u i t e  similar e x p l a n a t i o n  f o c  t h e  phenomencn was g iven  i n  1760 by 
t h e  E n g l i s h  a s t ronomer  John ,Wche l l ,  who, i n c i d e n t a l l y ,  was a l s o  t h e  f i r s t  person 
t o  p o s t u l a t e  t h e  e x i s t e n c e  of  b l a c k  h o l e s . )  
I f  v i s i b l e  waves a r e  produced by s e i s m i c  gas  e r u p t i o n s  on l a n d ,  perhaps  
t sunamis  a r e  a n  analogous  phenomenon a t  s e a .  It  is u s u ~ l l y  assumed t h a t  t h e  
energy in such  s e i s m i c  s e a  waves is t r a n s f e r r e d  by a  sudden d i sp lacemen t  of  
r h e  s e a f l o o r  ove r  a v e r t i c a l  d i s t a n c e  c m p a r a b l e  t o  t h e  obse rved  h e i g h t  of t h e  
wave. However, t h i s  mechanism would r e q u i r e  t h a t  a s l a b  of  rock  ex tend ing  from 
t h e  s e a f l o o r  down t o  t h e  hypocenter  of t h e  e2r:hquake ( s a y  1 0  la) must a l l  b e  
r a i s e d  th rough  t h e  h e i g h t  of  t h e  s e a  wave ( s a y  1 m ) ,  which would i n  t u r n  r e q u i r e  
many thousands  of  t imes  a s  much energy a s  t h e  p o t e n t i a l  energy i n  t h e  s e a  wave 
i t s e l f .  And y e t ,  t h e  t o t a l  energy l i b e r a t e d  i n  a  t sunami  ea r thquake  ( a s  c a l -  
c u l a t e d  from its observed s e i s m i c  magni tude)  i s  u s u a l l y  found t o  b e  o n l y  a n  
o r d e r  of magni tude g r e a t e r  t h a n  t h e  neasu red  energy i n  t h e  s e a  wave. A more 
e f f i c i e n r  ene rgy  t r a n s f e r  mechanism seems t o  be  r e q u i r e d .  A gas  e r u p t i o n  would 
produce t h c  requ i red  vo lumet r ic  displacement  of t h e  water  wi th  much l e s s  energy. 
The sea wave volume w i l l  roughly equa l  t h e  gas volume when t h e  l a t t e r  has  expanded 
almost t o  atmospheric  p ressure .  An earthquake energy only some t e n  times l a r g e r  
than t h e  tsunami energy then  appears  t o  be  a  p o s s i b i l i t y .  
There is a s  y e t  no proof t h a t  any of t h e  above e f f e c t s  a r e  due t o  gas 
e r u p t i o n s  dur ing  ear thquakes,  bu t  a t  l e a s t  f o r  t h e  flaming and bubbling pheno- 
mena it is  d i f f i c u l t  t o  h g i n e  a  l i k e l y  a l t e r n a t i v e .  Even i n  t h e  convent iona l  
view, however, i t  might be argued t h a t  gas e r u p t i o n s  a r e  occas iona l ly  t o  be  
expected d u r i n g  major eartlrquakes because t h e  s h a t t e r i n g  of t h e  bedrock ought 
t o  l i b e r a t e  any l o c a l  pockets of confined gas der ived  from t h e  a d j a c e n t  s t r a t a .  
But t h e r e  is evidence t h a t  t h e  gas p lays  more than  a  p a s s i v e  r o l e  in t h e  
earthquake. We b e l i e v e  t h a t  most of t h e  well-known earzhquake precursory  
phenomena can b e s t  be e s p l a i n e d  i n  terms of an I n c r e a s e  i n  deep gas p r e s s u r e  
o c c u r r i n g  w e l l  b e f o r e  a n  ear thquake a c t u a l l y  s h a t t e r s  t h e  bedrock. 
Many of t h e  p recursory  phenomena have been d e t e c t e d  by h s t r u m e n t s .  These 
Include:  changes in t h e  v e l o c i t i e s  of s e i s m i c  waves through t h e  ground; ia 
t h e  f low of ground wate r ;  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  of t h e  ground; i n  t h e  
t i l t  and p r e c i s e  e l e v a t i o n  of t h e  s u r f a c e ;  in t h e  chemical  composition of gases  
in t h e  s o i l  and ground u a t e r ;  and i n  t h e  emanation of radon gas.  The t ime  
I n t e r v a l  between t h e  o n s e t  of a  p recursor  and a n  ear thquake  ranges from minutes 
r o  as long a s  y e a r s ,  depending on t h e  phenomenon and t h e  ear thquake magnitude. 
These precursors  a r e  u s u a l l y  d i scussed  i n  t e n s  of r o c k  "d i la tancy" ,    hat 
is, t h e  opening of microcracks in t h e  r o c k  a s  t h e  shear  s t r e s s  approaches t h e  
c r i t i c a l  v a l u e  f o r  f r a c t u r e ,  a s  observed in l a b o r a t o r y  e x p e r h e n t s .  We agree  
t h a t  an increased  p o r o s i t y  and concomiiant vo lumct r ic  expansion of t h e  r o c k  
bmuld indeed c o n t r i b u t e  t o  n o s t  a f  t h c  above precursory phenonaa .  a u t  vha t  has 
g e n e r a l l y  been neg lec ted  i n  t h e s e  d i scuss ions  is t h a t  a t  depths of t e n s  of 
k i lometers  (where most ear thquakes o r i g i n a t e ) ,  t h e  rock by i t s e l f  would not  have 
t h e  s t r e n g t h  t o  hold open such c racks  a g a i n s t  t h e  enormous overburden pressure.  
Di la tancy  could not  even begin u n l e s s  t h e r e  were presen t  a high  p r e s s u r e  f l u i d  
t o  hold open t h e  cracks.  
Ue suggest  t h a t  t h e  deep e a r t h  gas does j u s t  t h a t .  I n  our  model i o r  
b r i t t l e  f r a c t u r e  a t  high ambient p ressures ,  descr ibed  above, t h e r e  a r e  fwo 
p r e r e q u i s i t e s  f o r  t h e  occurrence of a  deep earrhquake: t h e r e  must be a  shear  
s t r e s s  t h a t  would be s u f f i c i e n t  co cause b r i t t l e  f r a c t u r e  were t h e  same rocks 
ac a shal low depth,  and t h e r e  must be a  high pressure  gas t o  hold open i n c i p i e n t  
c racks  and tkereby m i t i g a t e  t h e  enormous f r i c t i o n  due t o  t h e  l i t h o s t a t i c  uver- 
burden. I t  i s  t h e  invasion of t h e  rock by such a gas from below t h a t  chanqes 
i t  from a d u c t i l e  t o  a  b r i t t l e  m a t e r i a l .  s imultaneously causing i ts  volumecric 
expansion and t h e  assoc ia ted  d i l a t a n c y  phenomena. 
A s  t h e  deep e a r t h  gas i n c r e a s e s  t h e  porosicy p r i o r  t o  t r i g g e r i n g  an e a r t h -  
quake, some of i t  may begin t o  f ind  i t s  vay t o  t h e  qurface.  d i s t u r b i n g  t h e  
ground water ,  a l t e r i n g  t h e  e l e c t r i c a l  conduc t iv i ty  of  t h e  ground and t h e  compo- 
s i c i o n  of t h e  s o i l  gases .  The radon precursor  e f f e c t  seems, i n  p a r t i c u l a r ,  t o  
r e q u i r e  t h e  presence of a  c a r r i e r  gas s t revn ing  through t h e  ground. Radon is 
a minor t r a c e  gas produced c h i e f l y  by uranium o r e s  a t  cons iderab le  depth. Since 
i t s  h a l f - l i f e  is only 3.8 days,  i t  could not  by i t s e l f  d i f f u s e  more t h a t  a  few 
meters through t h e  s o i l  poros i ty  before  decaying. And y e t ,  s u b s t a n t i a l  i n c r e a s e s  
i n  t h e  s u r f a c e  emanation of radon have been de tec ted  p r i o r  t o  some earth qua!.^^, 
and a t  d i s t a n c e s  a s  greac as  100 ka from t h e  ep icen te r .  The s imples t  e x p l ~ n a t i o n  
i s  t h a t  t h e  radon is  merely a convenient t r a c c r  f o r  a  much more abundant gas 
t h a t  sweeps it along, an ochcrv ise  undecccced gas v i t h  a  s u f f i c i e n t  f l u x  t o  
t r a v e l  pas t  t h e  depths of che r ~ d o n  sources t o  chc s u r f a c e  i n  only a  fev  days. 
Not a l l  ear thquake precursors  r e q u i r e  instruments f o r  t h e i r  de tec t ion .  
Some a r e  so obvious t o  t h e  senses  chat they have been recognized s i n c e  anc ien t  
times. We b e l i e v e  t h a t  these  e f f e c t s  a r e  a l s o  duc t o  an increased  gas f l u  
through t h e  ground. Among t h e s e  "macroscopic" p recursors  a r e :  d u l l  exp los ive  
no ises  of unknovn o r i g i n ;  che b i z a r r e  behavior of wild and domescic animals; 
anomalous i n c r e a s e s  in l o c a l  temperature; su l furous  fumes, sometimes accom- 
panied by a  p e c u l i a r  fog; bubbling and o t h e r  d i s tu rbances  of wel l  water ;  and 
f l ames  from t h e  ground. 
Episodes  of mys te r ious  booming n o i s e s ,  resembl ing d i s t a n t  a r t i l l c r y  ove r  
s e v e r a l  days  o r  months,  were  r e p o r t e d  a s  p reced ing  t h e  g r e a t  ea r thquakes  i n  
C h a r l e s t o n  (1886) ,  Ass= (1897) ,  Snn F ranc i sco  (1906) ,  and Eas t  A n a t o l i a  (1976) .  
Some of t h e s e  n o i s e s ,  c a l l e d  " b r o n t i d e s "  in t h e  e a r l i e r  ea r thquake  l i t e r a t u r e ,  
may have been due t o  t h e  sudden r e l e a s e  of h igh  p r e s s u r e  gas  i n t o  t h e  a i r .  
The most widely  r e p o r t e d  p r e c u r s o r  i s  t h e  anomalous behav io r  of  an ima l s .  
Farm an ima l s  o f t e n  r u s h  abou t  in confus ion  and t r y  t o  b reak  o u t  of conf inement ,  
dogs howl i n c e s s a n t l y ,  burrowing an ima l s  a r e  s e e n  t o  l e a v e  t h e i r  h o l e s ,  and 
f i s h  t o  come up t o  t h e  s u r f a c e ,  u s u a l l y  beg inn ing  some minu tes  o r  even hours  
b e f o r e  a  major  ea r thquake .  Again, t h e  r e p o r t s  a r e  s o  widespread and c o n s i s t e n t  
t h a t  t h e r e  can b e  l i t t l e  doubt  a s  t o  t h e  r e a l i t y  of t h e  phenomena. I f  t h e  deep 
e a r t h  gas  b e g i n s  t o  f o r c e  i t s  way up i n t o  t h e  s o i l  p r i o r  t o  some e a r t h q u a k e s ,  
i t  w i l l  tend t o  push ou t  ahead of  i t  t h e  ambient s o i l - e n t r a p p e d  gases .  The 
carbon d i o x i d e  no rma l ly  p r e s e n t  i n  t h e  s o i l  p o r o s i t y  w i l l  beg in  t o  invade  t h e  
homes of  burrowing a n i m a l s ,  who w i l l  be d r i v e n  t o  t h e  s u r f a c e  t o  avo id  asphyxia-  
t i o n .  I f  t h e  deep e a r t h  gas  c o n t a i n s  even sma l l  amounts of hydrogen s u l f i d e ,  i t  
w i l l  be  d i s s o l v e d  upon e n t e r i n g  t h e  bot toms of l a k e s  and o t h e r  bod ies  of w a t e r ,  
d r i v i n g  t h e  f i s h  toward t h e  s u r f a c e .  Elany mammals have an enormous s u p e r i o r l r y  
o v e r  humans i n  t h e  d e t e c t i o n  t h r c s i ~ o l d s  of  t h e i r  o l f a c t o r y  o rgans ,  and f o r  t h i s  
r eason  t h e  s e n s e  o f  s m e l l  a p p e a r s  t o  be  t h e  n o s t  l i k e l y  e v p l a n a t i o n  f o r  t h e i r  
s t r a n g e  b e h a v i o r  p r i o r  t o  e a r t h q u a k e s .  Al though methane and ca rbon  d i o x i d e  a r e  
o d o r l e s s  t o  humans, some o f  t h e  s o i l  g a s e s  a r e  n o t .  These ,  on e n t e r i n g  t h e  
a tmosphere ,  might  w e l l  c o n s t i t u t e  an  " o l f a c t o r y  cacaphony" w i t h  no d i s c e r n a b l e  
source-producing t h e  k ind  o f  an ima l  p a n i c  SO o f t e n  r e p o r t e d .  I n  a  few c a s e s ,  
t h e  odor s  emanat ing from t h e  ground p r i o r  t o  a n  e a r t h q u a k e  a r e  even s t r o n g  
enough co a f f e c t  p e o p l e ,  s o  it seems r e a s o n a b l e  t h a t  i n  a  g r e a t  many c a s e s  
o n l y  a n i m a l s  w i l l  n o t i c e  them. 
Such g a s  e m i s s i o n  may a l s o  c a u s e  o t h e r  p e c u l i a r  e f f e c t s  in t h e  a tmosphere .  
For example, ? .na lys i s  of  m e t e o r o l o g i c a l  r e c o r d s  'nzs r e v e a l e d  t h a t  f o r  s e v e r a l  
veeks b e f o r e  t h e  ear thquake of February 4 ,  1 9 7 5  I n  Haicheng, China, communities 
along che e n t i r e  l e n g t h  of t h e  f a u l t  zone had recorded a i r  temperatures  sys tena-  
t i c a l l y  h igher  (by a s  much a s  4 t o  6°C; than i n  t h e  surrounding reg ion .  ti s u l -  
furous odor was a l s o  F n t e r n i t c a n t l y  but sc rongly  i n  evidence,  o c c a s i o a a l l y  
d r i v i n g  people indoors .  Bubbling vas  observed in d i t c h  water .  During c h i s  supe 
period chere v e r e  frequenc reporcs  of anomalous animal behavior:  snakes were 
found f rozen  on t h e  roads and r a t s  acced a s  though dazed; farm aniznals showed 
c l e a r  s i g n s  of r e s t l e s s n e s s  and alarm, which g a s  a minor bu t  c o n t r i b u t i n g  Eaccor 
in t h e  s u c c e s s f u l  p red icc ion  of t h a t  ear thquake.  
One o r  t v o  hours b e f o r e  t h e  Haicheng earcnquake,  t h e r e  appeared i n  t h e  same 
reg ion  vhat  people descr ibed  a s  s low-lying "earch  gas  fog" with a  p e c u l i a r  s m e l l  
This  phenomenon nap have a  s imple explanation. During w i n t e r ,  t h e  a i r  cemprlra- 
cures  a r e  lower chan t h e  seasona l  average  found i n  che s o i l  gases  a t  depths of 
only a  f e v  feec .  The s o i l  gas  can chus hold more :later vapor chan t h e  a i r  above. 
I f  suddenly expe l led  f r o a  t h e  grouzd by t h e  ir,:-z;lon of deeper  gas  from below, 
c h i s  C02-rich a i r  vF11 remain near  t h e  ground d e s p i c e  i c s  h igher  :zn?eraccre and 
a s  it cools  i ts  wzter  vapor v i l l  condense i n t o  a low-lying fog. 
The conneccion betveen v a r i o u s  gas - re la ted  precursory  phenomena has 
been noced f o r  c e n t u r i e s .  We have, f o r  =ample, che fol lowing accounc from 
t h e  g r e a t  Ca labr ian  ear thquake of 1783: " A t  che t ime of che ear thquake,  during 
t h e  n i g h t ,  f lames v e r e  seen co i s s u e  from che ground ... e ~ a c t l y  from t h e  p l a c e  
where some days before  an e x t r a o r d i n a r y  hea t  had been perceived."  Another 
account  of chc same earthquake r e p o r t s :  "The waters  of t h e  v e l l s ,  of che s e a ,  
and a l s o  of t h e  f i shponds ,  a  few hours b e f o r e  che ear thquake of 5 February 
s t r u c k  Fn Cosenza and neighboring v i l l a g e s ,  was seen co r a i s e  i t s  l e v e l ,  all 
foaming a s  though b o i l i n g ,  v i thouc  being observed co have a  g r e a t e r  heat  chan 
normal." According t o  Alexander von Hunboldt, ha l f  an hour before  che e a r t h -  
quake a t  Cumana (Venezuela) on December 4 .  1797. a  s t r o n g  s m e l l  of s u l f u r  v a s  
perce ived ,  and a t  t h e  same t i n e  flames appeared on che banks of t h e  Manzanares 
River. 


































































































































































































































































































































































































































































